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1 • INTRODUCTION

1.1 Purpose. The objective of this program is the further

exploratory development of a Tactical Miniature Crystal Oscil-

lator (TMXO). The present effort is a continuation of research

and development conducted by the Bendix Communications Division

under contracts DAAB07-71-C-0265 and DAAB07-73-C-0199. This

earlier work has been reported in ECOM-0265F and ECOM-0199F.

The tasks to be performed during the present contract fall

into two categories. The first contains the unsolved problems

remaining from the previous work. This includes excess power

aging (because of the inability to maintain a vacuum inside the

TMXO) and frequency recovery. The latter is most probably

related to the crystal and its package. The severity of this

problem is expected to be greatly diminished when a new type

ceramic crystal enclosure (presently under development elsewhere)

becomes available. The second category consists of new and/or

additional performance requirements.

1.2 Performance-goals of this contract. The required char-

acteristics of the TMXO are given below:

(a) Size. Volume not to exceed 1 cubic inch.

(b) Input voltage. 12 volts dc, +5 percent.

(c) Available warmup power. Not to exceed 10.0 watts at any

ambient temperature (-540C to +75 0C) during the

allowed warmup time (3 minutes).

(d) Operating power. After warmup, the maximum power input

to the TMXO shall not exceed 250 milliwatts at any

temperature.

(e) Power aging. Aging of the TMXO power consumption shall

not exceed 1 percent per month.

(f) Voltage control. The TMXO shall have provision for
voltage control, allowing a frequency deviation no

less than 1.0 x 10- 7 for a dc voltage change from 0 to

+10 volts.

9
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(g) Ambient temperature range. The TMXO shall meet all H

requirements of this specification over the ambient

temperature range of -54 0C to +75 0 C.

(h) Frequency adjustment. A control shall be provided so

that the output frequency may be conveniently and

uncritically adjusted to 5.115 MHz +1 x 10- 0 with a

minimum range of +1 x 10 - 8.

(i) Frequency/temperature stability (steady state). The

maximum permissible frequency deviation over the tem-

perature range of -54 0 C to +7 5 0C shall be +1 x 10 - 8.

(j) Frequency/temperature stability (transient). The fre-

quency of the TMXO shall not change more than +1 x

i0- 8 from its initial value when subjected to a posi-

tive 10°C amplitude, at a rate of 1 C/minute, air tem-
perature ramp starting at -400 C, -50 C, +300 C, and

+65°C.

(k) Frequency/load stability. The maximum frequency devia-

tion for a load variation of 50 ohms +10 percent, +200

phase, shall be +1 x 10- .

(1) Frequency/voltage stability. The maximum permissible

frequency deviation for a supply voltage variation of

12 volts dc +5 percent shall be +1 x 10 - 9 .

(m) Frequency aging. Aging of the TMXO output fre.uency

shall not exceed 2 x i010 per week, operating, after

a 30-day stabilization period.

(n) Short term stability. The maximum rms frequency devia-

tion shall be +1 x 10 for averaging times ranging

from 1 second to 20 minutes under conditions of input

voltage and ambient temperature controlled to +1

millivolt and +0.10C, respectively.

(o) Frequency acceleration stability. The maximum frequency

change of the TMXO measured during static acceleration

shall be less than 5 x 10- 10/g when tested in accor-

dance with Method 513, Procedure II (helicopter

category) MIL-STD-8106. Permanent frequency change

shall be no greater than +1 x 10-9 .

10



(p) Frequency/vibration stability. The maximum permissible

frequency change of the TMXO measured during and

following vibration without isolators shall be +1 x
-9

10 when tested in accordance with Method 514. curve

M, MIL-STD-810B. The frequency deviation represented

by the modulation sidebands at the vibration frequency

shall not exceed 5 x 10- I 0 times the peak acceleration

level specified for that frequency by curve M.

(q) Frequency/shock stability. The maximum permissible

frequency change of the TMXO following a shock of 50

g, 11 milliseconds, shall be +1 x 10- 9 wnen tested in

accordance with method 213 condition G, MIL-STD-202D.

(r) Frequency/attitude stability. The maximum frequency

change of the TMXO for a 90 +50 attitude change in any
-10

axis shall be less thant +5 x 101.

(s) Frequency/altitude stability. The maximum frequency

change of the TMXO following an altitude change from
-9

sea leavel to 10,000 feet shall be +1 x 10 .

(t) Stabilization time. Following application of power, the

frequency of the TMXO shall be within +1 x 10- 8 of

final frequency in 3 minutes.

(u) Frequency recovery at -400 C. The output frequency of

the TMXO after warmup during each turn-on period for a

five-cycle frequency recovery test shall remain within

+3 x 10- 9 of the frequency measured on the first

cycle. Each cycle shall consist of complete frequency

stabilization during turn-on, followed by complete

thermal stabilization after power is removed.

(v) Output voltage. A minimum of 0.125 volt rms at the

5.115 MHz output frequency shall be available across

an external resistive load of 50 ohms.

1.3 General description of the two phase program. The work

on the contract was done in two phases. The first phase utilized

the chip and wire microelectronic technology, with this circuitry

in a gold-plated copper enclosure. The crystal was in a metallic



enclosure, which was thermally designed to approximate match the

characteristics of a new ceramic type crystal enclosure.

During the second phase, the thick film technology was used

in conjunction with a ceramic enclosure for the microelectronics.

The crystal was of a new type in a ceramic enclosure, the result

of a parallel development.

The activity and results of phase I were reported in ECOM-75-

1327-1 (April 1976) and in ECOM-75-1327-2 (June 1977). This

first phase ended in June 1976. From October 1977 to February

1979, this program was inactive for lack of the new type crystal.

This final report includes all the work of phase 1 and phase 2.

2. ELECTRONIC DESIGN

2.1 General. The electrical schematic, used in the deliver-

able models, at the end of phase 1, is shown in Figure 1. It is

the same as presented in the final report ECOM-0199F with the

exception of the values of R27 and the external temperature

setting potentiometer. The value of R27 has been changed from an

unspecified select-by-test value to (RTl at 90°C) - 22 k,2. The

potentiometer has been changed from 20 k2 to 50 k1.

These changes were necessary to allow for the resistance

tolerance of the thermistor at 90 C and for the +50C variation in

the upper turn temperature of the crystal. The value of the

thermistor at 90°C is 54 kQ, +10 percent. The minimum thermistor

value due to its tolerance is 49.6 ksl at 900 C. If the upper turn

temperature of the crystal is at 95°C, the minimum thermistor

value will be 42 kQ. The maximum thermistor value will be a +10

percent tolerance thermistor, when the upper turn temperature is

+850 C. This value is 73 kQ. Therefore, allowing for a +10

percent thermistor tolerance and a +5 C upper turn temperaLure

tolerance, the thermistor range will be from 42 k2 to 73 kQ. The

minimum potentiometer value is 73 kQ -42 kil = 31 ka. Using a

50 kQ potentiometer, the near optimum value of R27 = RT - 22 k2,

measuring RT at 90 C. See Table i.

12
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TABLE 1. THE RANGE OF R27 AND POTENTIOMETEa

RT R27 RT with Pot. with RT with Pot. with

at 900 C (RT-22k) 850 C Xle 850 C Xle 950 C Xle 950 C Xle

60 k2 38 kQ 73 kSI 35 ki 51 k 13 k,2

48 kQ 26 kQ 58 kQ 32 kQ 42 kQ 16 k2

An up-dated parts list is presented in Figure 2.

To test the microcircuit (without a crystal), a microcircuit

test fixture was fabricated. With this fixture, the sealed and

unsealed microcircuit was tested in conjunction with a tempera-

ture controlled test crystal. This crystal was kept at its upper

turn temperature being part of a TMXO configuration with the

oscillator disconnected. The crystal leads were brought to two

TMXO terminals, where short (2 inch) rigid leads went to the

microcircuit under test.

2.2 Voltage controlled fine frequency tuning.

2.2.1 General Considerations. The requirement of a minimum

frequency deviation of 1 x 10 - 7 for an applied control voltage

from 0 to 10 V dc could have been met by modifying the present

circuitry. This circuit modification would have added a pin to

the microcircuit package and a terminal to the TMXO package. The

addition of these pins would have decreased the TMXO's perfor-

mance due to a lower thermal resistance and a more complex

mechanical structure. Therefore, it was decided that an effort

would be made to utilize the present circuitry and the present

fine frequency control terminal. The fine frequency adjustment,

without an applied control voltage, was accomplished using a

10-turn 0 to 100 kQ potentiometer between this terminal and

ground. Preliminary experimentation, consisting of applying 0

to 10 V dc to the fine frequency terminal (with the 0 to 100 k2

14
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potentiometer removed) yielded the following results. The magni-

tude of the frequency deviation and its absolute value was a

function of the 0 to 10 V dc power supply impedance. To optimize

the frequency deviation and the absolute frequency (relative to

the 0 to 100 kQ adjustment), a theoretical investigation was

initiated, followed by an experimental verification.

2.2.2 Theoretical investigation. Consider the present

frequency adjust network:

+VREG

RIO
68K

R19 CR14
20K 6 I N5474A

FFT (FINE FREQUENCY
TERMINAL)

If: C2 and C3 are the ir network feedback capacitors

C4 is the w network crystal series capacitor

CT is the crystal load capacitance

h and k are defined by C 3 = hC 2 = kC4

An expression for frequency variation as a function of C3, the

variation of CR14 capacitance, is:

af -C 6C 3  4
- 2C 2 ( h.k) 2  - 3.4 x 10 6C3

For SC3 = .44 pF (change in CR14 capacitance for a resistance

change of 100 kQ to 0 Q at the fine frequency terminal)

6f/f w1.5 PPM = +0.75 x 10-6. This is an optimum adjustment

17



range for adjustability to center frequency and for subsequent

fine frequency adjustment sensitivity.

(a) Assume that an external voltage control es is applied

through resistor RS to the fine frequency terminal

and that Aes = 10 volts.

(b) Assume also that a resistor RG is returned to ground

from the fine frequency terminal.

(c) Assume that RS + RG = 100 kQ.

An equivalent network for the voltage change at the cathode of

CR14 be derived as follows:

VREG

-68K

R19 20KCRS fl.00K RG, RC920 A

es FFT

"OV RG

This can be reduced by Thevenin's Theorem to:

VREG

68K

ec

(100 RG - 2

GRG)
100

0 R.G es  .
100

18



Assuming VREG = 6 volts, the value of e c (the bias on CR14)

can be calculated for a given value of es and RG. To optimize

the range of fine frequency adjustment, ec was calculated for
es = 10 volts and e s = 0 V, for values of R G from 0 Q to 100 kl.

The result of these calculations are shown in Figure 3. This

situation can be realized by the potentiometer arrangement of

network B. In a similar manner, the value of ec for Rext = 0 Q,

and 100 kQ was calculated using network A. The curve indicates

that for the two adjustments to yield the same center frequency

when set at mid range, RG must equal 20 kQ. The fine frequency

variation as a function of Rext and es was calculated assuming

VREG = 6 V and R c = 20 k'Q (Figure 4). Note the near linearity of

the voltage adjustment curve.

2.2.3 Experimental verification. To verify the above theo-

retical analysis, an experiment was conducted to determine the

values of RG and RS, and the true characteristic of the AF/Fo -

voltage curve. The values of these resistors were selected so

that 5 volts gave the midpoint of the frequency swing. The

results of the experiment are shown in Figure 5. The electrical

arrangement is shown as network B. RS was determined to be 85

kQ, and R 15 kQ. Two curves are plotted in this figure: (1)
G

AF/F versus ohms (for the 0-100 k potentiometer) and (2) AF/F
0 0

versus voltage (for the 0-10 V dc). The abscissae have been

chosen so that the center of the frequency swing using the poten-

tiometer (22.5 kil) or the voltage (5 volts) coincides with F
0

At this center point, the potentiometer gives a AF/F of +8.5 x
77 0

10', and the voltage gives a AF/F of +3 x 10- . The voltage

curve is almost perfectly linear, departing only slightly for

values below 3 volts. The slope of the AF/F0 - voltage curve is

5.8 x 10-8 per volt, or 5.8 x i0- 1 per mV. Therefore, for a

voltage supply stable to +1 mV and a setability to +1 mV, the

frequency can be set to +5.8 x 10 - 1 with a stability of +5.8 x

10

The above stability and setability are not quite as good as

when using a 10-turn potentiometer. The slope of AF/F versus

19
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ohms at the 22.5 ka point is 1.8 x 10- 9/kl. Using a 3/4-inch

diameter clock reading 10-turn potentiometer, the resetability

is +20 Q. This corresponds to a frequency resetability of +3.6 x

10. The stability of the potentiometer is at least 10 times

better, giving a frequency stability better than +3.6 x 10- 1 2 .

The electrical schematic of the TMXO models delivered at the

end of phase I is shown in Figure 1. A parts list corresponding

to this schematic is given in Figure 2.

2.3 Circuit design changes during phase 2.

2.3.1 Temperature control circuit modifications. The tem-

perature control circuit as it existed at the end of phase 1 was

sensitive to popcorn noise in the operational amplifier. Although

the amplitude of the popcorn noise was small (10-20 mV), it could

produce significant fluctuations in heater current. This fluc-

tuating heater current produces corresponding fluctuations in the

temperature of the oscillator components and thus degrades the

stability of the oscillator.

A new circuit has been evaluated which was designed to be

relatively insensitive to the popcorn noise. This was accom-

plished by reducing the transconductance of the heater transistor

through the use of current feedback. The new circuit is shown in

Figure 6. It was constructed in a TO-8 can with a thermal resis-

tance of approximately 500 0 C/W. As in the previous circuit, the

error voltage is developed across a thermistor bridge consisting

of resistors Rl, R2, RTl, and R5. This voltage is applied to the

input of operational amplifier Ul. The output of Ul is applied

to emitter follower Ql, which drives the heater transistor Q2

through the zener diode CR1. Resistor R4, in the emitter circuit

of Q2, functions to limit the maximum current of the heater and

provides the degeneration (current feedback) which eliminates the

degrading effects of the popcorn noise.

Testing Qf the new circuit verified that the heater current

fluctuations due to the popcorn noise were eliminated (at least

to the extent that the fluctuations could be observed with a

23
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412V

.1K RTI

3 2M22

Fgure 6. New temperature control circuit.

current probe and oscilloscope). However, as was the case with I

previous circuits, this circuit demonstrated a low frequency

UI 4

relaxation oscillation.

Since it was anticipated that the oscillations will cause

power supply problems in some applications of the TMXO, an

analysis of the total circuit, inluding the thermal elements, was

undertaken to determine if the oscillations could be eliminated.

Using the standard techniques of control circuit theory, the

feedback loop was opened, and measurements were taken to deter-

mine the gain and phase characteristics as a function of fre-

quency. As expected, the data indicated that the conditions

necessary to produce the oscillations were, in fact, present.

With the use of the gain and phase data from the open loop

measurements, an RC phase correction network was designed and

added to the circuit. This network consisted of a series

resistor and capacitor between pin 6 and pin 2 of the operational

amplifier. The value of the resistor was 82 k, and the value of

the capacitor was 1 iF. With the addition of the phase correc-

tion elements, the circuit exhibited no oscillation and showed no

other instability or effects of popcorL. noise.
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2.3.2 Short term stability. An effort was made to identify

potential noise sources and to modify the circuit to minimize the

effect of power supply regulator noise. The primary source of

noise in the regulator is "microplasma" noise from the zener

diode. This noise can be minimized to some extent by proper

selection of the zener type.

In evaluating the existing regulator circuit, it was deter-

mined that the zener noise was being amplified in the higher

frequency region due to a peaked frequency response of the

regulator circuit. The frequency response peak occurs at approx-

imately 600 kHz and has a gain at the peak of about three.

Circuit modifications to eliminate this peak were studied.

The major effect of the regulator noise is to produce bias

fluctuations in the varactor diode used for coarse frequency ad-

justment. It appeared feasible to eliminate this varactor

altogether and substitute a multitap ceramic chip capacitor which

has a range of 2 to 57 pF in 0.5 pF steps. It was felt that with
the elimination of the coarse control varactor, selection of a

low noise zener, and improvement in the regulator frequency

response, power supply regulator noise would no longer be a major

contribution to short term oscillator noise.

Another source of oscillator frequency variation was the

thermal modulation caused by the oscillating heater circuit.

This modulation had not been identified previously due to the

relatively long integration time used in variance measurements.

However, it is easily detected by frequency analysis of the

output phase. This thermal modulation would be eliminated with

the improved heater circuit which does not produce thermal

cycling.

An effort was also made to determine if improvements in

stability could be obtained by modification of the oscillator

circuit itself. From a practical point of view, this question

was much more difficult because of the precision required in

making measurements and the necessity for eliminating extraneous

effects.

25ge-



Several methods of evaluating the phase noise were attempted.

The most satisfactory method involved phase locking the

oscillator under test to a standard reference oscillator and

monitoring the oscillator voltage control line. The control line

voltage is then amplified and applied to the vertical axis of an

x-y plotter. An example of this type of recording is shown in

Figure 7. The test setup is easily calibrated by first locking

the oscillator under test to a frequency synthesizer which can be

modulated with a known deviation and modulation frequency.

In the plots of Figure 7, it is not known how much, if any,

of the short term variations are due to the reference oscillator.

The general slope of the curves is due to temperature drift of

the laboratory oven used to control the temperature of the test

oscillator.

2.3.3 Third overtone oscillator circuit. The most straight-

forward approach to adapting the oscillator circuit for third

overtone operation was to add an inductor in parallel with the

feedback capacitor located between the transistor base and

emitter. This inductor resonates with the parallel capacitor at

a frequency below the operating frequency and above the

fundamental resonance frequency of the crystal.

A circuit containing the inductor was breadboarded and tested

with the third overtone crystals which were furnished GFE. If

this circuit is used, it will be necessary to finish the crystals

with a loading capacity since the circuit does not operate at

series resonance. A load of 50 pF is about the maximum that

could be used and still accommodate the +5 ppm finishing

tolerance.

2.3.4 Buffer redesign. One of the objectives of phase 2 was

to improve the stability of the oscillator with respect to load

variations. To this end, several output amplifier circuit con-

figurations were studied. One configuration containing a field

effect transistor (2N4416) was breadboarded and evaluated. With

this buffer circuit, no frequency changes with respect to the
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specified load limits could be measured. When the 2N4416 was

incorporated into an actual TMXO, the frequency/load stability

was only slightly improved. The cause for the difference in

performance between the breadboard and the actual TMXO was the

difference in the common impedance in these two physical configu-

rations. In the final circuit (see Figure 8), a bipolar buffer

was used because of its equal isolation performance and because

of its lower power consumption.

2.3.5 Heater electronics. A microcircuit version of the

redesigned temperature controller was fabricated. The circuit

was essentially the same as that shown in Figure 6 except for

the addition of the phase compensation network and a change of

resistor R4 to 6 ohms. The assembly included a 5 MHz fundamental

crystal mounted in a TO-8 enclosure which was attached to the

temperature control circuit package.

It was intended that the crystal contained in this assembly

would be used for evaluation of various oscillator circuit con-

figurations. However, the short term stability achieved with the

new temperature controller was less than expected (approximately

3 parts in 10 1 rms). Significant fluctuations in the heater

supply current were also observed.

It was at first thought that the fluctuation in the heater

current was due to noise in one of the active devices. However,

replacement of the active devices with devices known to have low

excess noise did not improve circuit performance. Finally, the

entire circuit was disconnected and an external circuit was con-

nected through unused leads in the microcircuit package. With

this arrangement, the noisy component was quickly isolated and

was found to be the thermistor. Further investigation showed

that the thermistor noise was due to the epoxy cement used to

bond the thermistor to the BeO substrate (see pparagraph 4.2.2).

2.3.6 Schematic revision. The tiiiid overtone schematic had

C5 in series with Ll. Any variation of C5 would affect the phase

28
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of the crystal current flowing through Li and hence the oscil-

lator frequency. To minimize the effect which C5 had on the

third overtone frequency, C5 has been moved from being in series

with Li to a series position between the crystal and the base of

Q4 (see Figure 8). For nonovertone crystals, a short will

replace C5.

The circuit das assembled and tested. The heater and tem-

perature controller worked properly, but the voltage regulator

did not. The fault was with CR4, Motorola's FET INC5283. The

source and drain on this FET are not interchangeable. The sche-

matic calls for the drain to be shorted to the gate. The device

has a built-in short from source to gate. The problem was recti-

fied by reversing the S and D on the schematic, and changing the

wiring in the circuit accordingly. The revised schematir and

parts list at the end of phase 2 is shown in Figure 8 and Table 2.

TABLE 2. PARTS LIST FOR SCHEMATIC AT END OF PHASE 2

Ident Description Vendor

Ul, U2 776, LOW POWER OP. AMP. FAIR

QI, Q3 2N2222A FAIR. NAT. MOT. TI.

Q2 2N3734 MOT. NAT.

CR1 MZC5.IA5, 5.1 V ZENER +5% MOT.

CR2 MZC8.2A5, 8.2 V ZENER +5% MOT.

CR4 INC5283, FET MOT.

Cl 1.0 pF +20%, TANT, 10 W V SPRAGUE

DC @ 85°C

VENDOR NO. 194D105X0010A4

C2 .0068 pF, BX ANY

RT1 THERMISTOR 44C85400 MID. W. COMP.

RI, R2 50 KILOHMS +5%

R-3 RTI @ 89 °C -22 KILOHMS +5%

R4 82 KILOHMS +5%

R5, R8 I MEGOHM +5%

R6 470 OHMS +5%

R7 6.0 OHMS +10%
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TABLE 2. PARTS LIST FOR SCHEMATIC AT END OF PHASE 2 (CONT)

Ident Description Vendor

Q4, Q5 2N2857 MOT.

Q6, Q7 2N918 NAT. FAIR

CR3 INC5146A OR INC5142A* MOT.

C3 180 pF-360 pF OR 100 pF- A.T.C. (100)

180 pF* ** IN 30 pF

STEPS, +2% S.B.T.

C4 TAPPED NPO CAPACITOR VITRAMON

2 pF TO 57 pF IN 0.5 pF

STEPS, TYPE VC2A S.B.T

C5* 1000 pF +2% A.T.C. (100)

C6 620 pF OR 470 pF OR

300 pF +2% A.T.C. (100)

C7 180 pF OR 82 pF ** +2% A.T.C. (100)

C8 220 pF +5% NPO ANY

C9,C1O .001 pF +5% BX ANY

ClI .91 pF +5% BX ANY

Ll* 1.6 pH, I.G. CORE

CF-118-Ql BENDIX

TI 60 PRI.: 12 SEC.,

I.G. CORE CF-120-Ql

R9 22 KILOHMS +5%

RIO 100 KILOHMS +5%

Rll 40 KILOHMS - 80 KILOHMS

+5% S.B.T.

R12 420 KILOHMS +5%

R13 150 KILOHMS +5%

R14 120 KILOHMS +5%

RI5 27 KILOHMS +5%

R16 2.2 KILOHMS +5%

R17 560 OHMS +5%

R18 9.1 KILOHMS +5%

R19 2.2 KILOHMS +5%

Y1 CRYSTAL S.B.T.

* FOR THIRD OVERTONE, 10 MHz ** FOR FUNDAMENTAL, 10 MHz
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2.4 The effect of circuit &ociponents on frequency stability.

The value of several component s in the oscillator has an effect

on the frequency. A change in these component values due to

aging, thermal retrace, or other (unknown) factors will cause a

change in frequency. The following analysis covers these sensi-

tive components. The network below has the following stability

equations (see ECOM-0265-F, pg. 14).

CRYSTA-

C C

C B C A

CB = hCA = kCC

C T = C + C 0

___I = x- ; for a change in CX
2CT2

6F(C ) -c h 6CB1 A

FC T (+h+k)

6F(CB -C k 6C

F 2C T 2(1+h+k)
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Referring to the electrical schematic of Figure 8 and for the

5 MHz fundamental mode, C5 and LI are absent, then:

CB = C7 with C8 in series with CR3,

both in shunt; = C7' = 214 pF

(34 pF due to CR3 and C8)

cc  = C6 with Q4 base-emitter capacitance (Cb-e)

in shunt; = C6' = 620 pF (CBE = 2 pF max)

CA = C3 in parallel with C4 = C3 = 240 pF

C3 = 210 pF, C4 = 30 pF

CT = C 0

1 _1 1 1c --- T +  + -
C - 6-1 C3x

CX = 95.6

C0  = crystal shunt capacitance = 3.3 pF

CT = 95.6 + 3.3 = 98.9 pF

h = CB/CA = C7'/C3/ = 214/210 = 1.02

k = CB/CC = C7'/C6' = 214/620 = .345

h 2  = 1.04

k 2  .119

(l+h+k)2 = (1+1.02 + .345)2 = 5.59

-14
C1 = 10 farads
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Effect of change in C7' on frequency:
6F(C7') -C 1h2  C7

F 222CT (1+h+k)

6F(C7') 2CT2 (1+h+k)

.5C7' = tS(7'F _Cl1h 2

2CT 
2 (1+h+k)2  2(100 x 10- 12) (5.59)

-C -i0- 1 4 x 1.04

1 0-15
= -1.1 x i

for a I = 1 x0
F

6C7' = 10- 9 x- 1.1 10 -  -1.05 x 10- 14 farads1.04

%C'= .5x1 - 14
3

%C7' = 1. x 101-2 x 100 = 9.8 x 10 = -0.005
214 x 10

for a 6F = 1 x 10- 8  6C7' = 0.05%
F

tF7for a E = 1 x 10-  6C7' = 0.5%F

Effect of change in C61 on frequency:

6F(C6') -Cl 6C6'
F 2CT 2 (1+h+k)2

6F 9

for a - -1 x 10 -

6C6' = 10- 9 x 2.2 x 10-  = 1.1 x 10- 1 4 farads
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%6C6' 1 -i~iX i0- 1 4 X 100 . 0.0017
620 12

for .F_ 1 x 10 - 8 , 6C6' = 0.017%
P5F

for _F = 1 x 10 - 7 , 6C6' = 0.17%F

Effect of change in C3' on frequency:
-C1k 2  C3'

F2 .. 22CT (1+h+k)

for x 0- 9
F

6C3' 10 - 9 x -2.2 x 10-5 -18.5 x 10-14 farads.119

%tC3" =-18.5 x 10 - 1 4 X 100%d3112 - = 0.07.7
240 x 10

for _F 1 x 10-8, 6C3' - 0.77%
F

SF -7
for 1 x 10 - , 6C3' - 7.7%

Effect of change in Q4 base-emitter capacitance Cb- e on

frequency.

The maximum value of Cb-e is 2 pF, and is in parallel with C6

(620 pF).

for a F = 1 x 10 - 9 , 6C6' if -2.2 x 10 14 farads.

sac -2.2 x 10- 14 x 100
be 2 x 10-1

for a 6F - 1 x 10 - 8 , 6Cb~

b-e 11%

for a _F = 1 x 10 - 7 , 6C =11F ' b-e
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The effect of a change C6 is the same as C6'.

The effect of a change in C3 is

for F= 1 x 10-, 6C3' = -18.5 x 1o14 farads.F

%SC3 = -18.5 x 10- 14 x 100 = 0.088%
210 x i012

for 6__F . 1 x 10 - 8 , %6C3 = 0.88%F

for -F = 1 x 10- 7 , %6C3 = 8.8%
F

The effect of a change in C4 is

for - 1 x 10-9, 6C3' = -18.5 x farads.

-14
%6C4 = -18.5 x 10 x 100 = 0.62%

30 x 1012

for = 1 x 10 -8, 6C4 = 6.2%F

for ._F = 1 x 10 - 7 6C4 = 62%F

The effect of a change in C7 is

for F = 1 x 10- 9 , 6C7' = -2.1 x 10 - 14
F

%6C7 = 2.1 x 10"14 x 100 = 0.012
130 x 10- 12

for = 1 x 10- 8 , 6C7 - 0.12%
F

- - 1 x 10- 7 , 67=12
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The effect of a change in CR3 in series with C8 is

C8 is SC7

for 1 x 10, %6(CR3/C) 2.1 x 10 - 1 4 x i00 = 0.062

6F _1x0-9 2.1R3C)=  ..

F 34 x 10 "12

for _= i x 10 - 8 , 6(CR3/C8) = 0.62%
F

for F= 1 x 10 - 7 , 6(CR3/C8) = 6.2%F

The effect of a change in C8 is

for 6F - 1 x 1 6C8 = 0.062% x 220 0.40%F 3

for 6F = x 10 - , 6C8 = 4.0%F

for _F = -1 x 10 - 7 , 6C8 = 40%F

The effect of a change in CR3 (40 pF) is

for F = 1 x 10 - 9, 6CR3 = 0.062 x 4= 0.073%
F 

-4

for F = 1 x 10- 8, 6CR3 = 0.73%F

for IF . 1 x 10 - 7  6CR3 = 7.3%F

The sensitivity of CR3 is 1% C per 0.2 volt
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f o -F =I x109, AV = 0.2 V x 0.073% =14.6 mV

for 1 x 10-8, AV =146 mV
F

for LE= 1 x 107 AV -1.46 VF

The sensitivity of frequency to component variations was recal-

culated for a 30 pF crystal load, and for a 50 pF load. For a 30

pF load, C3 will not be used; C4 will be 50 pF.

With the 30 pF load, the frequency will be 2.8 times more

sensitive to component variation than with the 50 pF load. This is

true for both the fundamental and the third overtone. A change in

C4 causes the following frequency change.

For the fundamental:

0.0018% change C4 gives AF/F = 10-

For the third overtone:

0.005% change in C4 gives AF/F = 10

The effects of component changes on the 5 MHz fundamental, the

10 MHz fundamental and the 10 MHz third overtone have been calcu-

lated. The results of these calculations are presented in Tables

3, 4, and 5.

2.5 Performance of early developmental ceramic enclosed

crystals.

2.5.1 Serial numbers tested. The four back filled units

having serial numbers 157, 161, 162 and 163, and two older

crystals (not back filled) having number 90 and 91 have been

investigated in a preliminary manner.
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TABLE 3. CHANGE IN COMPONENT TO CAUSE LF/F, 5 MHz FUNDAMENTAL,

CT  100 pF

COMPONENT AF/F=IxI0 - 9  AF/F=Ix10- 8  AF/F=Ix10- 7

C3 (210 pF) .01% .1% 1.0%

C4 (30 pF) .07% .7% 7.0%

C6 (620 pF) .03% .3% 3.0%

Cb-e OF Q4 (2 pF max) 9% 90% 900%

C7 (180 pF) 0.012% 0.12% 1.2%

C8 (220 pF) 0.4% 4% 40%

C OF CR3 (40 pF) 0.073% 0.73% 7.3%

AV ON CR3 14.6 mV 146 mV 1.46 V

R12 0.07% 0.7% 7%

R13 0.17% 1.7% 17%

TABLE 4. CHANGE IN COMPONENT TO CAUSE 6F/F, 10 MHz FUNDAMENTAL,

CT = 50 pF

COMPONENT AF/F=10 9  AF/F=10 8  AF/F=10 7

C3 (140 pF) .009% .09% .9%

C4 (30 pF) .04% .4% 4.0%

C6 (300 pF) .01% .1% 1.0%

Q4b-e (2 pF) 2% 20% 200%

C7 (82 pF) .005% .05% .05%
C8 (220 pF) .47% 4.7% 47%

C of CR3 (15 pF) .03% .3% 3%

AV on CR3 6 mV 60 mV 600 mV
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TABLE 5. CHANGE IN COMPONENT TO CAUSE AF/F, 10 MHZ, THIRD O.T.,

CT = 50 pF

COMPONENT AF/F=10- F/F=10-78 LFF=0

C3 (140 pF) .024% .24% 2.4%

C4 (30 pF) .11% 1.1% 11%

C6 (470 pF) .023% .23% 2.3%

Q4 (2 pF) 5.5% 55% 550%

C7 (82 pF) .01% .1% 1.0%

C8 (220 pF) .47% 4.7% 47%

C of CR3 (15 pF) .03% .3% 3.0%

V on CR3 6 mV 60 mV 600 mV

C5 over ......

1000%

Ll .065% .65% 6.5%

2.5.2 CI measurements. All but serial number 91 were

measured on the CI meter with a 100 pF load. The spread was

small between them; average values are RS = 6 1; Cl = 0.0105 pF.

2.5.3 Stability as a function of drive level. The following

chart shows stabilities consistent with earlier work:

Drive Sampling

Crystal Level Time

Number RMS 6F/F (,A) (seconds)

90 7x10 -1 1  35 1

90 2x10-11  100 1

90 5xl0 -1 1  100 0.1

90 2x10 1 1  100 10

90 7x10 - 1 2  700 1

90 2.8xi0 1 1  700 0.1

90 8x101 2  700 10
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Drive Sampling

Crystal Level Time

Number RMS AF/F ("A) (seconds)

157 6xl0-1 1  35 1

157 7x10-10 35 0.1

161 8xl0 -1 1  35 1

161 3x10-1 1  100 1

All above were measured in a Bendix test oscillator.

Stabilities were also measured in other oscillators, e.g., in the

FTS commercial oscillator.

Drive Sampling

Crystal Level Time

Number RMS AF/F (pA) (seconds)

90 3.5x10-  300 1

90 3x10-1 0  300 0.1

90 1.3x10-1 1  300 10

In the no reactance type oscillator.

161 2.5xi0 -1 1  75 1

161 4.5xi0 1 2  75 10

2.5.4 Retrace studies. Crystal number 161 has been measured

for retrace in the no reactance test circuits at an ambient of
-400C; the oscillator and crystal oven were raised to +900C.

Three on-off cycles (taking 3 days) gave a AF/F of +2 x 10-9.

2.5.5 General stability. After operating for 1 month at

35 pA, crystal number 157 became 1 to 2 magnitudes more noisy.

Electrrical connections external to the crystal were remade with

no improvement. Crystal number 157 was definitely noisy due to a

problem inside its enclosure.

After operating crystal number 162 for 3 days, the oscillator

output with crystal dropped to about one-half. Using another
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crystal in the test oscillator, the output was again normal.

Remeasuring crystal number 2 in the CI meter reproduced the

original values.

Crystal number 163 was 2 orders of magnitude noisier than the

other crystals when first measured. Crystal number 163 remains

this noisy.

2.5.6 Short term (1 second) noise measurements. The Allan

Variance for 1 second time intervals was measured for two ceramic

enclosed crystals supplied by ECOM. The variance was measured on

the beat frequency resulting from the test crystal and a more

stable reference oscillator. The data are presented in Table 6.

TABLE 6. ALLAN VARIANCE, 1 SECOND INTERVAL

Test

Crystal Ref. Total Crystal

Under Test Oscillator Variance Variance

-12 - 12
H.P. Computing H.P. Computing 5 x 10 3.5 x 10

Counter No. 1 Counter No. 2

Ceramic Crystal H.P. Computing 3.6 x l0l 3.58 x 1011

No. 90 Counter No. 2

Ceramic Crystal H.P. Computing 8.1 x 10-1 1  8.1 x l0-ll

No. 91 Counter No. 2

Philips, Glass H.P. Computing 1.5 x l0- l 1.46 x l0-ll

Evacuated Counter No. 2

The absolute measurement error has not been determined. The

variance as a function of the number of pairs has also not been

investigated. However, the relative values are believed to be

correct.
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2.5.7 Long term stability. The long term stability of two

crystals in their temp-:ature-controlled test oscillators was

measured. The ovens controlliiig the temperature for both types

were similar. The first series of measurements was made with the

ceramic packaged ECOM crystal number 90 (under vacuum), in a

circuit similar to that in the present TMXO design. The crystal

drive current was about 1 mA.

The same crystal was also put in a test oscillator where the

drive current had been reduced to about 50 microamperes. The other

type of crystal studied was a 5 MHz, third overtone in a glass

envelope, supplied by ECOM. This crystal was in an oscillator

driving the crystal at about 50 microamperes. Aging curves are

shown in Figure 9. The aging of ceramic crystal number 90 was

5 x 10- 9 per day at both the 1 milliampere and 50 microamperes

drive currents.

2.5.8 Low frequency perturbations. The low frequency pertur-

bations have been measured for these two crystals: the 5.115 MHz

ceramic driven at 1 milliampere, and the third overtone glass

driven at 50 microamperes. Figure 10 shows the curves for the

5.115 MHz ceramic crystal. The upper curve shows the frequency

variation with time, the frequency being a 10-second average. The

bottom curve uses the same data, but displays it in the form of its

Fourier transform. That is, the amplitude of the signal is plotted

as a function of frequency deviation from the center frequency;

i.e., the perturbation frequency.

Figure 11 shows the same kind of information, but for the third

overtone crystal.

Figure 12 represents the cmposite spectra of the oscillator/

crystals plotted in Figures 2 and 3. In Figure 4 is included

additional data to that shown in those two previous figures. The

difference in slopes is again due to the different aging.
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3. THERMAL DESIGN

3.1 General. The general thermal design of the TMXO in

this program is nearly the same as that reported in ECOM-0199F.

In that report, the thermal equivalent circuit is presented as

well as the various heat losses and temperature drops. This

detailed presentation is not repeated here. Two mechanical

changes, which result in minor thermal changes, have been

implemented. These are discussed below.

3.2 Location of the crystal enclosure. All models prior to

phase 2 had been fabricated with the crystal enclosure attached

to the pedestal and the microcircuit package above the crystal

enclosure. This arrangement evolved from the earliest models

where there was no microcircuit package, the microelectronics

being located on the crystal enclosure. A detailed thermal

analysis was made to determine whether the crystal enclosure

would be thermally more uniform, above or below the microcircuit

package. The thermal radiation from the sides of the micro-

circuit and crystal enclosures is independent of their location.

Also, independent of their location is the heat loss through the

wire connections. At -40 0C, this independent heat loss has an

equivalent thermal resistance of 2090 0 C/W. The equivalent

thermal resistance due to radiation from the top surface, for

either enclosure, is 13,300 0 C/W. The thermal resistance through

the pedestal is 1,838 0C/W. Therefore, locating the crystal

enclosure above the microcircuit package would decrease the

thermal difference between the top and bottom of the crystal

enclosure. The crystal enclosure, in this new location, no

longer required mounting facilities to the pedestal. This also

made the incorporation of a ceramic crystal enclosure much

easier.

3.3 The crystal enclosure design. For thermal reasons,

previous crystals were mounted in gold-plated copper enclosures.

During phase 1, the crystal enclosure was redesigned to:
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(a) Be large enough to accept a fifth overtone resonator

(F 5 = 5.115 MHz).

(b) Have the same thermal characteristics as a specific

alumina crystal enclosure.

Alumina, having a much higher thermal resistance than copper,

dictated the use of a material other than copper for the new en-

closure. This new material would also require good machinable

and sealing properties. After considering the thermal and mech-

anical characteristics of many materials, nickel was selected.

Table 7 gives some pertinent characteristics for three types of

crystal enclosures: the previously used gold-plated copper type,

the future alumina ceramic type, and the nickel type used in this

program.

TABLE 7. CHARACTERISTICS OF CRYSTAL ENCLOSURES

Old copper Alumina* Nickel

enclosures enclosures enclosure

Outside Diameter 0.632 inch 0.788 inch 0.792 inch

Inside Diameter 0.592 inch 0.668 inch 0.692 inch

Outside Height 0.210 inch 0.120 inch 0.200 inch

Inside Height 0.150 inch 0.060 inch 0.140 inch

Thermal Resistance 0.470 C/W 0.690C/W 0.660C/w

(top to bottom)

Thermal Capacity 0.38 Cal/ 0  0.53 Call0 C 0.51 Cal/l0

*The alumina enclosure is not cylindrical. Dimensions are

approximately equal to an equivalent cylinder.

3.4 microcircuit to TMXO header connections. The electrical

connections from the microcircuit to the TMXO case header are

made with wire welded at the ends. The wire should be selected

so as to conduct minimum heat flow, compatible with the elec-

trical current it must carry. The figure of merit for such an

application is -
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p (T)
p (E)

where p (T) is the thermal resistivity

p(E) is the electrical resistivity

Table 8 presents tne pertinent data for some materials.

TABLE 8. THERMAL/ELECTRICAL RESISTIVITIES

Material p (E) p (T) p (T)/p(E)

Gold 1.21 134 ill

Nickel 4 448 112

Karma 67 3030 45

Nichrome 56 3030 54

Chromax 50 3030 61

Michrc-me V 54 3500 65

Nilvar 42 3500 83

Kovar 25 2275 91

Silver 0.82 94 114

Tantalum 7 729 104
Palladium 5.5 554 101

where p(E) is ir. ohms circular mil/inch

p(T) is in mils degree C/watt

Palladium wire, 3 mil diameter, has been chosen for the

following microcircuit/header connections: the RF outputs, the

fine frequency control, and the leads to the temperature setting

potentiometer. The electrical resistance of a 1 inch long wire

is
p(E) = 5.5 ohms circular mils 1 inch

inch x 9 circular mils
p(E) - 61 ohms.

The thermal resistance of this wire is 78,375°C/watt.

50



Nickel wire, 10 mil diameter, has been selected for the

ground, +12 volts, the connections between microcircuit halves,

and the connections to the crystal. The electrical resistance

of a I inch long wire is

p(E) = 4/100 = 0.04 ohm.

The wires connecting the microcircuit halves and to the

crystal will be about 0.2 inch long and have a resistance of

0.008 ohm. The thermal resistance of the 1 inch long, 10 mil

diameter nickel wire is 44,563°C/W.

4. MICROELECTRONIC DESIGN

4.1 For phase 1. A new microcircuit layout was required for

the new microcircuit package. Some minor changes were made to

simplify the fabrication and enhance the reliability. The layout

is shown in Figure 13.

4.2 For phase 2.

4.2.1 Connecting the transformer leads. During the sealing

of the microcircuit package, a temperature of about 300 0C is

reached. Therefore, the transformer leads cannot be soldered.

One possible solution to this problem is to thermocompression

bond the transformer lead. The transformer lead is a number 38

wire. The insulation was stripped from some of this wire, and it

was then gold-plated. Attempts to bond this wire by thermocom-

pression means were unsuccessful. The condition of gold plating

on the wire may not have been suitable.

Another approach to the problem was to weld the number 38

copper wire to a gold-plated kovar tab. Thermocompression bonds

can then be made to the tab, and/or the tab could be epoxied in

place. The welding was successful using a parallel gap welder.
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4.2.2 High temperature epoxies. Four epoxies were evaluated

for mechanical adhesion. Two of these were also evaluated elec-

trically. The four epoxies were:

(a) EPOTEK H61 (insulating)

(b) EPOTEK H31 (silver conducting)

(c) ABLEBOND 71-1 (silver conducting)

(d) ABLEBOND 71-2 (insulating)

The adhesion tests showed that with the exception of H61, the

epoxies had strong adhesion after 1 hour at 270 0C + 1 hour at

300°C, or 1 hour and 40 minutes at 3000C.

The electrical evaluation was carried out on transistors.

The beta and VCE SAT were measured before and after a thermal

treatment of 1 hour and 40 minutes at 300 0C in air. Data are

presented below:

EPOXY H31

Transistor Beta Beta VCE SAT before VCE SAT after

number before after (volts) (volts)

1 190 188 0.05 0.06

2 180 180 0.035 0.11

3 152 150 0.06 0.06

4 190 188 0.05 0.06

5 180 175 0.05 0.06

6 150 166 0.05 0.13

7 160 166 0.05 0.06

8 150 150 0.05 0.95

9 165 170 0.05 0.07

10 125 133 0.06 0.07
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EPOXY ABLEBOND 71-1

Transistor Beta Beta VCE SAT before V CE SAT after

number before after (volts) (volts)

1 150 180 0.05 0.05

2 155 153 0.05 0.05

3 181 180 0.06 0.06

4 175 180 0.05 0.05

5 180 180 0.05 0.06

6 175 175 0.05 0.06

7 143 150 0.06 0.06

8 180 166 0.06 0.06

9 175 166 0.06 0.07

10 180 180 0.05 0.06

The degradation of VCE SAT is due to an increase in the elec-

trical resistance of the epoxy. The data show that epoxy H31

would not be acceptable. Ablebond 71-1 remains unchanged, and .L

was used in an experimental model. All betas remain essentially

unchanged, as expected.

The polyimide, Ablebond 71-1, conducting epoxy was found to

be a noise source when used to attach the thermistor. Epo-Tek

H31 was evaluated for noise and found to be unacceptable.

Ablebond 20-1 was evaluated and found to be about 2 orders of

magnitude better than the other epoxies. Its high temperature

strength was evaluated and was found to be acceptable. The high

temperature electrical characteristics of this epoxy is not as

good as the Ablebond 71-1. Fortunately, this deficiency is not

relevant to the TMXO, that is, the TMXO contains no epoxy

connections which must be a very low resistance.

The epoxies selected for use were:

(a) Conductive epoxy: Ablebond 20-1

(b) Insulating epoxy: Ablebond 71-2
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4.2.3 Stability of thick film resistors to high tempera-

tures. A sample of thick film resistors screened onto a test

substrate using DuPont 1400 series resistive inks with gold

terminations were measured. They were remeasured after subse-

quent heat treatments in air. The data are presented in Table 9

and show that untrimmed resistors of the 1400 series inks can be

reheated in air for 1-1/2 hours at 600 0 C with less than a 20

percent change; 1 hour at 5000C in air causes only a few percent

change. Ceramic frames may be attached to substrates, having

these types of resistors, without harm to the resistors, if the

attachment temperature is less than 600 0C.

TABLE 9. STABILITY OF THICK FILM RESISTORS

RESISTANCE IN OHMtS

1 Hr at lHr at 4000 C

Ckt. R llHr at 400 0 +l1Hr +1 at 5000 C

No. No. As Fired 400 0 C at 500 0C +1-1/2 Hr at 6000C

1 1 21.0 k 21.0 k 20.4 k 22.3 k

2 1 21.6 k 21.7 k 20.8 k 23.4 k

3 1 19.4 k 19.4 k 18.7 k 22.2 k

4 1 17.4 k 17.4 k 16.8 k 20.9 k

5 1 19.3 k 19.4 k 18.6 k 24.1 k

6 1 20.1 k 20.2 k 19.5 k 26.1 k

1 2 1.20 k 1.20 k 1.91 k 1.20 k

2 2 1.48 k 1.50 k 1.46 kc 1.48 kc

3 2 1.04 k 1.10 kc 1.03 kc 1.07 k

4 2 1.10 kc 1.10 kc 1.10 kc 1.15 kc

5 2 1.21 Ic 1.21 Ic 1.21 kc 1.30 k

6 2 1.11 kc 1.11 Ic 1.12 Ic 1.20 k

1 3 185 k 187 k 185 k 190 k

2 3 185 kc 187 Ic 123 Ic 133 kc

3 3 143 k 144 k 142 Ic 162 Ic
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TABLE 9. STABILITY OF THICK FILM RESISTORS (CONT)

RESISTANCE IN OHMS

1 Hr at 1 Hr at4000 C

Ckt. R 1lHr at 4000 +l1Hr +1 at 5000 C

No. No. As Fired 400 0C at 5000C +1-1/2 Hr at 6000C

4 3 116 k 117 k 113 k 133 k

5 3 126 k 127 k 122 k 151 K

6 3 159 k 161 k 159 k 192 k

1 4 5.43 k 5.44 k 5.37 k 5.60 k

2 4 3.91 k 3.93 k 3.86 k 4.04 k

3 4 5.46 k 5.47 k 5.36 k 5.93 k

4 4 6.20 k 6.20 k 6.05 k 6.87 k

5 4 5.91 k 5.93 k 5.82 k 6.92 k

6 4 5.71 k 5.75 k 5.66 k 6.91 k

1 5 143 k 144 k 142 k 150 k

2 5 172 k 173 k 169 k 178 k

3 5 160 k 161 k 159 k 177 k

4 5 178 k 180 k 173 k 194 k

5 5 172 k 175 k 168 k 195 k

6 5 171 k 173 k 167 k 206 k

1 6 322 k 224 k 323 k 324 k

2 6 350 k 353 k 349 k 369 k

3 6 321 k 324 k 319 k 356 k

4 6 405 k 408 k 398 k 448 k

5 6 349 k 351 k 343 k 409 k

6 6 319 k 322 k 312 k 394 k

1 7 6.05 k 6.07 k 6.05 k 6. 37 k

2 7 8.22 k 8.25 k 8.10 k 8.40 k

3 7 5.35 k 5.36 k 5.26 k 5.72 k
4 7 5.36 k 5.38 k 5.17 k 5.70 k

5 7 6.23 k 6.25 k 6.12 k 6.94 k

6 7 5.85 k 5.86 k 5.66 k 6.72 k
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TABLE 9. STABILITY OF THICK FILM RESISTORS (CONT)

RESISTANCE IN OHMS

1 Hr at 1 Hr at 4000 C

Ckt. R 1 Hr at 4000 + 1 Hr +1 at 500C

No. No. As Fired 400_0 _ at 500_c +1-1/2 Hr at 6000C

1 8 64.6 64.7 64.5 64.3

2 8 72.0 72.1 71.8 71.7

3 8 60.0 60.0 57.9 60.2

4 8 74.0 74.1 73.4 74.2

5 8 72.8 72.9 72.4 73.9

6 8 56.7 56.8 56.2 57.5

1 9 34.6 k 34.8 k 34.6 k 39.0 k

2 9 .28.0 k 28.0 k 27.5 k 30.6 k

3 9 29.3 k 29.5 k 28.8 k 33.2 k

4 9 31.1 k 31.2 k 30.3 k 37.0 k

5 9 26.5 k 26.5 k 25.6 k 32.7 k

6 9 32.5 k 32.7 k 31.7 k 41.4 k

1 10 51.2 M 51.7 M 51.6 M' 52.0 M

2 10 46.0 M 46.5 M 46.0 M 45.0 M

3 10 43.4 M 44.0 M 43.3 M 43.5 M

4 10 44.5 M 45.3 M 44.2 M 45.5 M

5 10 44.4 M 45.0 M 44.0 M 46.4 M

6 10 52.6 M 53.7 M 52.2 M 55.5 M

1 11 19.8 k 19.8 k 19.8 k 21.0 k

2 11 19.3 K 19.4 k 19.1 k 20.0 k

3 11 19.1 k 19.2 k 18.8 k 20.3 k

4 11 18.4 k 18.5 k 18.1 k 20.1 k

5 11 18.0 k 18.0 k 17.8 k 20.6 k

6 11 18.6 k 18.6 k 18.5 k 22.1 k
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TABLE 9. STABILITY OF THICK FILM RESISTORS (CONT)

RESISTANCE IN OHMS

1 Hr at 1lHr at4000 C

Ckt. R 1 Hr at 400 0 + 1 Hr +1lat 5000C

No. No. As Fired 40 at 500'C +1-1/2 Hr at 6000C

1 12 1.34 k 1.34 k 1.3 k 1.40 k

2 12 1.02 k 1.04 k 1.03, k 1.03 k

3 12 1.30 k 1.30 k 1.30 k 1.33 k

4 12 1.30 k 1.30 k 1.30 k 1.33 k

5 12 1.27 k 1.27 k 1.25 k 1.30 k

6 12 1.47 k 1.48 k 1.46 k 1.52 k

1 13 13.6 k 13.7 k 13.6 k 14.3 k

2 13 14.2 k 14.2 k 14.0 k 14.7 k

3 13 14.3 k 14.4 k 14.1 k 15.1 k

4 13 14.3 k 14.3 k 14.0 k 15.3 k

5 13 13.1 k 13.2 k 12.7 k 14.1 k

6 13 13.1 k 13.1 k 12.9 k 15.1 k

1 14 62.2 62.3 61.1 62.0

2 14 57.7 57.7 57.5 57.0

3 14 59.1 59.0 59.0 59.0

4 14 67.0 67.1 66.8 67.0

5 14 59.5 59.6 59.0 59.0

6 14 57.8 57.9 57.7 59.0

4.2.4 Substrates for microcircuit covers. Blank octagonal

96 percent alumina substrates, 0.020 inch thick, were employed.

There are four laser scribed octagons on one substrate (see

Figure 14). After thick film printing, these octagons become the

microcircuit covers.

4.2.5 Thick film layout. The part of the TMXO circuit corn-

prising the heater, heater control, and voltage regulator has
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1.496'*0.006"

SNAPSTRATE

LASER SCRIBED

LINE LOCATION 0

0 a 0.748" A0.003" TYP 0 f
0

THICNESS = 0.020"*o.002" 0

MAXIMUM CAMBER 0.004"/ INCH 044

a
0,

REGULAR OCTAGON

Figure 14. Octagonal substrate/snapstrate.

been laid out in a thick film hybrid topology. This half of the

TMXO circuit has two inputs, +12 volts and ground, and two out-

puts, +7 volts and a terminal to the temperature control poten-

tiometer. The layout of the temperature controller/voltage

regulator substrate is shown in Figure 15. The oscillator/

amplifier layout is shown in Figure 16.

5. MECHANICAL DESIGN

5.1 For phase 1.

5.1.1 General configuration. The TMXO package consists of a

stainless steel cylinder having a square mounting flange. The

cylinder diameter as well as the sides of the square flange is

1.25 inches. The unit is slightly over 1 inch high, excluding

the electrical terminals which protrude from the bottom (flange

side). A drawing of the package can be seen in Figure 17.

The package was sealed under vacuum with solder having com-

position of 70 percent tin, 18 percent lead, and 12 percent

indium. This has a eutectic temperature of 162°C.
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Figure 17. TMXO package outline.
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5.1.2 TMXO header and cover design. The previous header had

a threaded outside diameter onto which was screwed the cover.

The vacuum-tight seal was made by compressing a copper gasket.

Although this seal did not leak, the high torque required for

gasket compression caused serious difficulties. The torque

transferred a stress to the header, deforming the stainless steel

flange, resulting in an air leak at one or more of the terminals.

In addition to this problem, the two terminals located in the

header recess (not accessible to the user) were of the glass!

metal type, limiting maximum outgassing temperature to 230 OC.

The header is shown in Figure 18.

The header was redesigned, replacing the glass/metal termin-

als with the ceramic/metal type. The sealing means was changed

from a gasket to a solder seal around the circumference. The
cover was redesigned for the solder seal (see Figure 19).

The header and the cover are made out of 302 or 304-stainless

steel. Although 303 stainless is easier to machine, it contains

greater amounts of high vapor pressure elements which could

produce some outgassing difficulties.

5.1.3 Crystal and crystal mount. The quartz crystal is an

AT-cut, natural quartz with an upper turn temperature of 890 C

+5 OC. It is highly polished, plano- convex, having a frequency

of 5.115 MHz +5 PPM into 100 pF at the upper turn temperature.

The crystals were supplied by the vendor without any metalliza-

tion. We deposited chromium-gold bonding pads and bonded the

crystal to nickel-plated stainless steel clips by electroplating

a low stress nickel. The crystal was then mounted in the nickel

ring enclosure by welding a 0.010 inch nickel wire between the

clips and the enclosure terminals. The details of this configu-

ration are shown in Figures 20 and 21. The mounted crystals were

returned to the crystal vendor for electrode deposition to

frequency. We then completed the enclosure and sealed the unit

in an atmosphere of 10 to 100 torr of nitrogen.

5.1.4 Sealing the crystal enclosure. The crystal enclosure

consists of a ring and two cover plates, all made out of nickel.
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Figure 18. Machined header of TMXO.
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The covers were soldered to the ring with a 96 percent tin, 4

percent silver solder (2210 C), using a reflow technology. One of

the covers had a small hole for evacuation and backfilling. The

enclosure was outgassed at 5 x 10-6 torr for 40 hours at 150 0C.

It was then backfilled with nitrogen at about 10 torr. The hole

was sealed by solder reflow (96 percent tin, 4 percent silver)
using a remotely controlled soldering iron tip in a vacuum

system. To prevent any solder from striking the crystal, a

copper foil baffle had been previously welded over the hole on

the inside of the cover. A fixture to seal five crystal

enclosures in a single pump down was used.

5.1.5 Microcircuit enclosure. 1. special microcircuit

enclosure, having radial leads arnd a particular thermal design,

has been fabricated. The maximum dimension across the diagonal

has been made equal to the maximum dimension of the ceramic

crystal enclosure. A drawing for the microcircuit enclosure is

shown in Figure 22.

5.1.6 Sealing the microcircuit enclosure. This enclosure

was sealed in vacuum. The cover contained a hole and baffle

similar to that of the crystal enclosure. The cover was soldered

on, in air, using the 95 percent tin, 4 percent silver solder.

The microcircuit enclosure was then placed in a vacuum chamber

and outgassed at 5 x 10-6 torr for 40 hours at 1500 C. The

evacuation hole was then sealed in the same manner as the crystal

enclosure.

5.1.7 Soldering the crystal and microcircuit enclosures

together. The crystal and microcircuit enclosures are soldered

together so that there will be good heat transfer from the heater

to the crystal. The sides without the sealing holes are first
tinned with solder. The enclosures are then held together,

reheated until the solder flows, and then cooled. Because of the

solder temperature problems discussed in paragraph 5.1.8, a

special solder was employed for this purpose. This solder is 55
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percent tin, 45 percent lead. This is not a standard formulation;

therefore, it was prepared in our laboratory from the pure

elements. This solder has a solidus of 181 0C and a liquidus of

205 0 C. At 185 0 C, this solder shows no flowing tendency even with

added liquid flux.

5.1.8 Solder temperature problems. Improper selection of

solders can lead to catastrophies. Such a catastrophe occurred
when we originally chose the 60 percent tin, 40 percent lead

solder (181 0C eutectic) for joining the crystal enclosure to the

microcircuit enclosure. When sealing the TMXO, this 1810 C solder

flowed, coating the microcircuit enclosure, and shorting out the

oscillator. The TMXO was sealed with a 162 0 C eutectic, being

heated to about 180 C to make the seal. The 181 C solder was

changed as described in paragraph 5.1.7. The correct solders to

use are indicated in Figure 23.

5.1.9 The pedestal. The thermal insulating pedestal is

machined out of DuPont polyimide VESPEL-SP-l. Thermal resistance

of this pedestal is 1,8300 C/W. A drawing of the pedestal is

shown in Figure 24.

5.1.10 Sealing the external package. Sealing the TMXO

enclosure required special fixturing for vacuum sealing the

stainless steel TMXO case. It consisted of the following:

(a) An upper oven to outgas the TMXO cap just prior to
final sealing.

(b) A lower oven to outgas the TMXO header, pedestal,

crystal package, and microcircuit package just prior

to sealing. This lower oven will also supply the heat

to seal the TMXO.

(c) A remote controlled mechanism, which lowers the TMXO

cap from the upper oven to the lower oven. To ensure

a better seal, it can also turn the cap during the

solder reflow sealing.

(d) Several thermocouples to measure the temperature at

various places.
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The header and cap are pretinned with the 162 0 C eutectic

solder. The TMXO is then assembled, tested, and placed in the

sealing fixtures in the vacuum chamber. The unit is tested under

vacuum conditions and then shut off. The header assembly is out-

gassed in the lower oven at 150 0C, and the cap is outgassed in

the upper oven at 2200 C. Both are at a pressure between 1 x 10-

and 5 x 1-6torr for 90 hours. After the 90 hours, the tempera-
ture of the header is raised to 1750., the cap is lowered, and

the seal is made. The temperature at the seal at this time is

180 C.

5.2 For phase 2.

5.2.1 Difference between phase 1 and phase 2. The three

major mechanical differences between phase 1 and phase 2 were the

crystal enclosure, the microcircuit package, and the addition of

a thermally conductive heat spreading plate. The new crystal

enclosure was ceramic and octagonal instead of circular and

metallic, and is described in more detail in paragraph 5.2.2.

The microcircuit enclosure was also changed from metal to

ceramic (see paragraph 5.2.3). To enhance the spreading of heat

from the microcircuit to the crystal, a copper place was added

between these two enclosures.

5.2.2 Crystal and crystal enclosure. The crystals in their

enclosures were manufactured by GEND under a separate contract

with ERADCOM. The enclosure consists of an octagonal shaped

ceramic frame containing fired-in feedthroughs through four of

its walls (see Figure 25). The ceramic cove- or the enclosure

are shown in Figure 26. To solder the c- ..a.. 'closure to the

microcircuit enclosure, one side of the crystal enclosure had to

be metallized. The other side of the crystal enclosure was also

metallized to reduce radiation losses.

The metallization of the crystal enclosure consisted of

thermally evaporating a thin film of chromium on the flat sides

of the enclosure. The enclosure was then electroless nickel
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plated, masking the enclosure sides and terminals. Crystal

number 162 was tinned with 96 percent tin, 4 percent silver

solder. The enclosure tinned very well.

The stability of crystal numbers 161, 162, 208, and 209 was

remeasured after the metallization and compared with the

stability before metallization. Stability measurements were made

using a 10-second sampling time, and the frequency variation was

recorded on strip chart, using the standard nonreactive test

circuit. Comparison of the strip charts showed the following:

(a) Crystal number 161, stayed about the same.

(b) Crystal number 162, got a little better.

(c) Crystal number 208, stayed about the same.

(d) Crystal number 209, got a little worse.
The changes for better or worse were not large, less than 1

-9 -1
magnitude, that is, from 1 x 10 to 1 x 10- 0 AF/F.

TMXO serial number 209 was sealed at GEND and returned to

Bendix. The unit was placed od a vibration table. The TMXO was

turned on and the vibration table was vibrated in accordance with
curve M, Method 514 of MIL-STD-810B. At 33 Hz, the TMXO failed,
a large part had become loose inside the unit. The cover was

carefully cut off, revealing that the crystal enclosure separated

from the copper plate/microcircuit assembly. The attachment of

the crystal enclosure was accomplished by the following steps:

(a) The crystal enclosure had a thin film of chromium vacuum

deposited on the two flat ends.

(b) The ends were then electroless plated with nickel.

(c) The end which was to contact the microcircuit was then

tinned with a soldering iron using 63/37 tin/lead

solder.

(d) Both ends of the microcircuit, the copper plate (between

the heater and the crystal) and the nickel plate

.(between the pedestal and the microcircuit) were

tinned as in (c) above.

(e) The assembly was placed on a hot plate (at room tempera-

ture) in the following order: a 1/4 inch thick steel

block, the nickel plate, microcircuit (oscillator

down), copper plate, and crystal.
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(f) The hot plate was turned on, and after several minutes K
the solder at the nickel plate reflowed. The tempera

ture of the hot plate surface was maintained at 200°C,

and 2 to 3 minutes later, the crystal enclosure/copper

plate solder interface reflowed. The hot plate was

turned off, and the assembly with the steel block was

placed on a nonmetallic table.

In hindsight, the chromium/electroless nickel was a poor

choice of metallization. Chromium oxidizes easily, forming a

thin oxide layer to which the electroless nickel adheres poorly.

Having the identical heater/oscillator microcircuit, the warmup

with the new crystal can be compared with that of the old. The

latter had a very slow warmup time, never overshooting,

indicative of a poor thermal connection.

This problem of poor adhesion was solved by changing the

metallization on the crystal enclosure from (a) vacuum deposited
chromium, electroless nickel, 63/37 tin/lead solder to (b)

sputtered chromium, sputtered copper, 63/37 tin/lead solder. TMXO

number 209 was reassembled using crystal 227, which had the

copper-chromium metallization. This TMXO was renumbered as

209/227. This unit was placed on the vibration table without its

cover, and vibrated in accordance with curve M, Method 514 of

MIL-STD-810B. The crystal unit remained adhered to the heater

circuit during this environmental test, and afterwards the TMXO

worked electrically.

5.2.3 Microcircuit enclosure. The microcircuit enclosure

consists of two parts. Each part is a cup consisting of an

octagonal wall and a flat bottom plate. The wall is similar to

that described in the previous paragraph. The flat plate is an

octagonal thick film substrate onto whicn parts are added to

build a microcircuit. One cup contains the oscillator/amplifier

circuit, while the other cup contains the heater/voltage

regulator circuit.

Sealing the wall to the substrate plate was very difficult,

and no satisfactory method to produce a hermetic seal was found.



Thermocompression bonding using a gold ring between the wall and

the plate was unsuccessful. Low temperature brazing also did not

work. High temperature brazing could not be used, as it would

alter the thick film resistors already on the flat substrate

plate. The maximum sealing temperature of this interface without

damaging the resistors is about 600 0C (see the thick film

resistor stability data in section 4).

The sealing surfaces of all the ceramic microcircuit cups

were electroless nickel plated, and then coated with solder. This

was done prior to adding any microcircuit parts to the sub-

strates. The solder is 96 percent tin, 4 percent silver, and

melts at 220 0 C.

A soldering fixture for soldering the two ceramic cup shaped

microcircuit halves was designed. The soldering was accomplished

under vacuum, remotely controlled. The fixture consists of two

parts. The bottom part hclds one of the microcircuit halves and

has eight axial heaters, one at each octagonal flat! The top

part contains the other microcircuit half and is lowered into the

bottom half for soldering.

5.2.4 Inside assembly techniques. The inside of the TiAXO

was assembled as shown in Figure 27. Electrical connections

between the crystal and the circuit, and between the circuit and

the header, are all welded wire. The kinds of wire used ara:

(a) Between crystal and circuit: 0.005 inch diameter gold.

(b) Between circuit and header, power, and ground: 0.010

inch diameter nickel.

(c) Between circuit and header, all other connections:

0.0003 inch diameter palladium.

The Kel plate, soldered to the back of the oscillator

circuit, had four mounting holes so that 0-80 screws could be

:rewed into the pedestal.

PeJeital. The Vespel pedestal was redesigned. The

,. , nwn as Figure 28. Changes included in this

A
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SOLDER 60/40
CRYSTAL 162*C

OFHC COPPER PLATE,
0.040" THICK SOLDER 96%

SN/4% AG
HEATER CIRCWT 220 C

OSCILLATOR CIRCUIT SOLOER 60/40
NICKEL PLATE, -_._

0.020" THICK

VESPEL
PEDESTAL

Figure 27. TMXO assembly through solder reflow.

(a) The four holes in the corners were moved out to accom

modate the tolerance of the ceramic frame/substrate

assembly.

(b) Two semicircular notches were put in one side of the

pedestal to eliminate the interference due to the GEND

header.

(c) To strengthen the pedestal, the radius was changed from

1/16 inch to 1/8 inch.

5.2.6 External package

Externally, the TMXO is a 1-1/4 inch diameter cylinder

attached to a 1-1/4 inch square mounting header. Excluding the
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pumping tubulation, the unit is 1-1/4 inches high. The header and

cover are made out of kovar; the tubulation is copper. Figures 29

through 31 show details of the header. Figure 32 shows the bottom

view electrical connections.

5.2.7 Sealing the external package. The cover with its

tubulation was sealed to the header by electron beam welding. None

of the sealed units leaked, and only one out of five welding opera-

tions damaged the electrical circuit.
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Figure 29. Header, TmXO.
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Figure 32. TMXO pinout, bottom view.

6. THE VACUUM PROBLEM

6.1 General. Maintaining a vacuum in the sealed TMXO has

been a problem. To show no degradation in power or performance

for a period of 1 year, the pressure inside the TMXO must remain

below 5 x 10- torr. If the pressure increased to I x 10- , the

performance would be adequate, except for a few percent increase

in power.

The pressure increase in the TMXO is primarily due to out-

gassing inside or a leak in the TMXO package. A leak in the

microcircuit or crystal enclosure is less of a problem, as the

pressure inside these enclosures is 2 to 3 magnitudes below

atmospheric pressure. Whatever the source of the residual gases,

the getter welded in the TMXO cover will absorb some portion of
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these gases. Our experiments indicate that the pumping speed of
-12

the getter is greater than 4 x 10 torr liter/s mg. The getter

consists of 110 mg of active mass, for a pumping speed greater

than 110 x 4 x 10-1 2 = 4.4 x 10-10 torr liter/s.

Therefore, if the outgassing and leak rate can be kept below

this level, the TMXO will maintain its vacuum.

6.2 Outgassing experiments. Being unable to maintain a good

vacuum in the TMXO after sealing causes an increase in operating

power. The problem is sometimes easily seen immediately after

sealing by observing the value of the current into the TMXO. For

example, before sealing, the current is about 14 mA. After

sealing, the current rose in a couple of minutes to 20 mA, and in

2 hours to 60 mA.

In this particular phase 1 TMXO, the microcircuit and crystal

enclosures had previously been exposed to three atmospheres of

helium during the leak test procedure. The possibility existed

that helium was leaking out of either the microcircuit or crystal

enclosures, or both, when they were at their operating tempera-

ture of 890C. To determine whether this helium was the cause of

the pressure rise in the TMXO, the following experiment was per-

formed. Both the crystal and microcircuit enclosures were opened

and resealed under a vacuum of 5 x 10-6 torr. These units were

not leak tested with helium. They were placed in the TMXO case

and sealed. After sealing, the current rose as before, indicat-

ing that the helium was not the primary cause of the problem.

To systematically investigate the cause of the problem or to

determine the relative contribution to the problem from each part

of the TMXO, an experimental technique was initiated. The tech-

nique was to build a sensor which would indicate the pressure or

thermal resistance of the gas inside the TMXO enclosure. Having

such a sensor would enable investigating the parts of the TMXO

separately. The sensor consisted of an O.F.H.C. copper plate,

gold-plated, (or later a solid gold plate) onto which was

soldered a heating resistor. A diode for measuring the tempera-

ture of the plate was eutectically bonded onto it. With a con-
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stant 1 mA dc into the forward direction, the diode voltage was

measured as a function of temperature. This gave an exact

straight line relationship from 25°C to OO0 C of 1.945 mV per °C.

The typical diode drop is around 500 mV, and using a digital

voltmeter, the measurement error is +0.1 mV which equals +0.05 0 C.

A thermocouple was used to measure the temperature of the header.

Mounting the plate on the pedestal and supplying constant

power to the resistor, the diode is used to measure the tempera-

ture of the plate. Knowing this temperature, the thermal resis-

tance between the plate and header and the thermal resistance of

the gas around the plate can be calculated for various experi-

mental conditions.

The plate was mounted on a polyimide (Vespel SP-l) pedestal,

both mounted in a TMXO header. Constant power was applied so

that under high vacuum, the hot plate temperature was 890C. A

temperature pressure curve was run at this time. The TMXO cap

(having a solder seal hole) was sealed to the header with a metal

gasket. This assembly was leak tested to verify the gasket seal.

The unit was placed in a vacuum chamber, pumped on for several

hours and then sealed. Just after sealing, the temperature

started to drop, indicating a pressure rise in the TMXO.

The above experiment indicates that the cause of the vacuum

problem is related to the pedestal and/or the TMXO enclosure.

The problem could be absorbed gases on the surface of all the

materials.

To degass the TMXO just prior and during sealing, an oven was

designed to hedt the unit from the outside. The next experiment

utilized this outgassing oven and a stainless steel pedestal

(replacing the Vespel pedestal).

To enhance the sensitivity of the stainless steel pedestal,

four 1/4-inch diameter holes were drilled in the side of the

pedestal This raised its thermal resistance from 1700 C/W to

3400 C/W. The TMXO exclosure with this pedestal, and a 0.020-inch
-6

evacuation hole was outgassed at a pressure of 5 x 10 torr. The

temperature at the top of the pedestal was 120 0 C, the outside of

the enclosure being 100 0 C. The unit was sealed, the inside and
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outside temperature being at ll0 C. The temperature of the

pedestal top was monitored as a function of time. The effective

thermal resistance, the thermal resistance of the gas in the

enclosure, and the pressure inside the enclosure was calculated

for different times after sealing. Whereas previously, it took

only 34 minutes for e of the Vespel/TMXO, with no external out-
g

gassing oven, to reach a value or 1,100 C/W, the stainless steel

pedestal/TMXO with the external outgassing took 160 hours to

reach the same thermal resistance. Although this was an improve-

ment of several magnitudes, it is not good enough for the TMXO

requirement.

The stainless steel pedestal was removed from the TMXO

enclosure. The evacuation hole in the TMXO cap was enlarged from

0.020-inch diameter ot 0.20-inch diameter. The cap, header, plug,

and Vespel pedestal was cleaned and outgassed at 300 OC for 6

hours at a pressure of 1 x 105 torr. The Vespel pedestal was

then mounted in the TMXO enclosure, the pedestal and the

enclosure inside not being touched by hand. The unit was out-

gassed and sealed in the same manner as in the stainless steel

pedestal experiment. The maximum temperature reached was 160 0C

for the pedestal and 115 0C for the outside of the enclosure. The

case was sealed under this condition.
'While still in the vacuum chamber, the sealing plug was then

unsoldered. A different outgassing procedure was then initiated.

The inside hot plate (on the Vespel) was turned off. The unit

was heated from the outside to a temperature of 150 °C. doth the

pedestal and exclosure outside were at this temperature for about

6 hours. The outside degassing oven was turned off. when at

100 0 C, The unit was sealed. The hot plate inside was then turned

on so the thermal resistance measurements could be taken.

Results of the outgassing/sealing experiments indicate the

following:

(a) Degassing the TMXO enclosure at 1500 C and sealing at 100 0 C

is far superior to outgassing and sealing at 1200 C

having the inside hot plate on.
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(b) The stainless steel pedestal outgasses much less than the

Vespel. This is true, even though the Vespel was out

gassed using the better procedure and with a larger

evacuation hole.

(c) The degassing/sealing procedure needed appreciable

improvement.

Additional experiments in sealing the TMXO enclosure, con-

taining the stainless steel pedestal, were performed. No improve-

ment over the previous experiments were obtained. After 3 to 4

days, the pressure in the TMXO enclosure leveled off to a value

of about 2 x 10- 2 torr, corresponding to a thermal resistance of

the gas 900 0C/W. In the Vespel case, the value is reached in

hours instead of days.

These experiments indicate that the basic problem is not the

Vespel, as was previously reported.

Knowing the pressure after 100 hours, one can calculate the

outgassing rate.

Outgassing Rate Axvolume 10 - 2 torr x 16 cm 3

time 100 hrs

10 - 2 torr x 16 x 10 - 3 liters

3.6 x 10 - 5 s

4.45 x 10 - 1 0 torr liter
S

2
Assuming an internal surface area of 45 cm , the outgassing rate

-11 2
per square cm is approximately 1 x 10 torr liter/second cm 2

In terms of standard cc atmospheres, this becomes 1.3 x 1011

atmp. cc/sec cm2. The literature* gives the following outgassing

data with regard to stainless steel.

* P.A. Redhead, J.P. Hobson and E.V. Kornelson, "The Physical

Basis of Ultrahigh Vacuum," Chapman and Hall (1968),

pp 371-178.
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Outgassing Rate

Treatment torr litersec cm

Vacuum baked at 5700K for 75 hours 1.5 x 10- 12 at 200C

3.9 x 10- I I at 105 0C

Vacuum baked at 1270 0 K for 3 hours

then at 6300K for 25 hours 1.3 x 10- 1 4 at 200C

One torr of hydrogen for 12 days,

then pumped for 3 days at 3000C 5 x 10- 1 2 at 200 C

Mechanically polished, degreased

vacuum baked at 7000K for 4 hours 1 x 10- 11 at 250C

Mechanically polished, degreased,

vacuum baked at 700 K for 16 hours 5 x 10- 1 2 at 25°C

Mechanically polished, degreased,

vacuum baked at 7000 K for 450 hours 5 x 10- 14 at 25°C

Machined part, vacuum brazed at

1300 0 K, vacuum baked at 700°

for 1 hour 2.5 x 10- 1 2 at 25°C

Machined part, vacuum brazed at

1300 0 K, vacuum baked at 700°K

for 4 hours 1.5 x 10- 1 3 at 25°C

The above data indicate that a smaller outgassing rate than
-11 2

our present 1 x 10 torr liter/sec cm can be achieved with the

proper degassing treatment. The needed improvement is to extend

the time to reach 10- 2 torr from 100 hours to 10,000 hours. This

translates to a desired net outgassing rate of 1 x 10- 1 3 torr
2

liter/sec cm
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The two glass-to-metal feedthroughs in the TMXO header have

limited the outgassing temperature to 250 0C (5230 K). These feed-

throughs were replaced with the ceramic type. The header being

brazed at 1,300K can then be vacuum baked at 7500K for 16 hours,

resulting in an outgassing rate of less than 10 -3. The stain-

less steel cap also can be vacuum baked so as to get down to
-1310 . Because of the temperature limitations on the crystal and

microcircuit enclosures, it is not known how good they can get.

Our present indication that the Vespel pedestal is all right

has been supported by data from other companies who regularly use

Kapton (a sheet form of polyamide) in vacuum applications.

Instead of vacuum baking at 3000 C for 6 hours, they vacuum bake

at 350 to 400 0 C for several days.

A TMXO enclosure containing a stainless steel pedestal and a

solid gold hot plate was outgassed and sealed. The header, con-

taining two gold-tin soldered terminals, had a prebake outgas

temperature of only 200 0C. The other parts were outgassed at

4000C. Outgassing after assembly and immediately before sealing

was for 38 hours at 150 C. The unit was allowed to cool to 92°C,

and then the plug was soldered in the cap, sealing the unit.

The thermal resistance of this unit under vacuum was 350°C/W.

At first glance, this small decrease would lead one to believe

that the outgassing in this sealed unit is much less than that of

the previous units. However, the heat loss due to convection is

directly proportional to the area of the hot plate. The area of

the solid gold plate was much less than the hot plate area in

previous experiments. This accounts for the small decrease in

the net thermal resistance. The thermal resistance of the air

alone is very high (816 0C/W). That is, if the pressure in the

TMXO enclosure rose to atmospheric, the net thermal resistance

would be 245 0 C/W. However, this unit was a little better than

the others, probably due to the longer outgassing time at 1500 C

immediately before sealing.

The outgassing experiment described above was repeated;

however, this time a continuous getter was added. The getter

material was Ceralloy 400, manufactured by the Ronson Metals
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Corporation. The purchased getter was in the form of a coated

(both sides) 0.005 inch thick nickel foil. The coated strip was

welded to the inside of the TMXO cap. The getter surface area
2

was 11 cm

As in the previous experiment, baking just prior to solder

sealing was for 40 hours at 1500 C. The solder seal was made

after the TMXO was allowed to cool to between 90 and 100 °C. The

thermal resistance before sealing, but under a pumping vacuum of

about 4 x 10- 6, was 350°C/W. Three hundred and fifty-six hours

after sealing, the value was 346 0 C/W. The measurement error is

about +50 C/W.

The outgassing rate inside the TMXO enclosure was previously
-0

calculated from experiments. This rate was 4.5 x 10 torr

liter/s. The itter is keeping up with this rate, so that the

pumping rate of the getter must be equal to or greater than 4.5 x
10-0/ = 4 x 10-  torr liter/s cm . In terms of getter weight,

10011=4x 0~tor 2 2 2
there is from 10 to 20 mg/cm 2 . Using 10 mg/cm , our getter had a

weight of 110 mg. This gives a pumping rate of 4.5 x 10 /110=
4 x 1012 torr liter/s mg.

The length of time which the vacuum can he maintained can, at

the present, only be calculated. Gettering capacity for this

getter varies with the gas. The capacity for nitrogen is one of

the lowest, having a value of 16 x 10- 3 torr liter/mg. Assuming-2

pesimistic gettering capacity of 10 torr liter/mg, and having

110 mg available, gives a capacity inside the TMXO of 1.1 torr

liters. If we divide this gettering capacity by the outgassing

rate, 1.1 torr liters/4.5 x 10 torr liter/s, we arrive at a
9lifetime of 2.45 x 10 s. This corresponds to 77.5 years, a year

having 3.15 x 107 seconds.

This calculation shows that the getter has sufficient capac-

ity for an outgassing rate 10 times greater than that observed in

the TMXO enclosure. This safety factor may be needed, as the

pedestal, crystal, and microcircuit packages will certainly

contribute additional outgassing.

The above vacuum-sealing-outgassing experiment, to evaluate

the TMXO enclosure and getter, has been terminated after 800
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hours. The unit exhibited no noticeable decrease in vacuum.

This getter is doing an excellent job.

Experiments with the stainless steel pedestal in a stainless

steel TMXO package have shown that the outgassing is below the

getter's pumping speed (greater than 4.4 x 10-10 torr liter/s).

The pedestal and cap was outgassed for 96 hours at 400 OC. The

header was outgassed at 2000 C for 96 hours. Just prior to

sealing, the assembly was outgassed 40 hours at 150 OC.

A similar experiment with a Vespel pedestal resulted in a

pressure rise in the TMXO package. A small leak in the TMXO

package as well as insufficient outgassing of the pedestal was

probably the cause. The pedestal had previously been outgassed

as follows:

(a) 3 hours at 300 0C in vacuum

(bj 24 hours at 3500 C in air

(c) 40 hours at 400 0C in vacuum.

Outgassing temperature of the microcircuit/crystal assembly

is limited to 160 0C because of construction materials.

6.3 Electropolishing. The outgassing of the TMXO enclosure

is proportional to the enclosure's inside surface area. To

decrease this surface area, a procedure was developed to electro-

polish the stainless steel enclosure. The chemical composition

(by weights of the solution) was:

(a) 56 percent phosphoric acid

(b) 12 percent chromic acid

(c) 32 percent water.

The temperature of this solution is 100 °C +50 C, and the

current density is 2.5 +0.5 A/inch 2 . The electropolishi-g time

can vary from 2 to 10 minutes depending upon the shape of the

cathode and the cathode to anode distance. The above process

produces a very shiny surface.

6.4 Leaks in the TMXO package. The TMXO header contains

eight metal/ceramic feedthroughs. This type of feedthrougn di-;

not leak when previously used. They had been vacuoim -tr
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hours. The unit exhibited no noticeable decrease in vacuum.

This getter is doing an excellent job.

Experiments with the stainless steel pedestal in a stainless

steel TMXO package have shown that the outgassing is below the

getter's pumping speed (greater than 4.4 x 10- 10 torr liter/s).

The pedestal and cap was outgassed for 96 hours at 400 0C. The

header was outgassed at 200 0C for 96 hours. Just prior to

sealing, the assembly was outgassed 40 hours at 150 C.

A similar experiment with a Vespel pedestal resulted in a

pressure rise in the TMXO package. A small leak in the TMXO

package as well as insufficient outgassing of the pedestal was

probably the cause. The pedestal had previously been outgassed

as follows:

(a) 3 hours at 300 0C in vacuum

(b) 24 hours at 3500 C in air

(c) 40 hours at 400 0C in vacuum.

Outgassing temperature of the microcircuit/crystal assembly

is limited to 160 0C because of construction materials.

6.3 Electropolishing. The outgassing of the TMXO enclosure

is proportional to the enclosure's inside surface area. To

decrease this surface area, a procedure was developed to electro-

polish the stainless steel enclosure. The chemical composition

(by weights of the solution) was:

(a) 56 percent phosphoric acid

(b) 12 percent chromic acid

(c) 32 percent water.

The temperature of this solution is 100 0C +50C, and the
2

current density is 2.5 +0.5 A/inch . The electropolishing time

can vary from 2 to 10 minutes depending upon the shape of the

cathode and the cathode to anode distance. The above process

produces a very shiny surface.

6.4 Leaks in the TMXO package. The TMXO header contains

eight metal/ceramic feedthroughs. This type of feedthrougn did

not leak when previously used. They had been vacuum brazed by
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the ECOM laboratory. In the present program, the brazing was

done by a commercial company, in an argon atmosphere.

All feedthroughs were leak tested prior to sending them

and the headers out for brazing. When the brazed parts were

returned, the header was leak tested. A small percentage of the

feedthroughs had small leaks. The headers were tnen vacuum

outgassed at 400 0C for 100 hours. The small leaks became larger,

and new small leaks were found.

Most of the leaks were at the ceramic-pin interface and were

probably due to rapid cooling after brazing. Insufficient time

did not allow procuring new feedthroughs and reprocessing the

headers. The leaks were repaired using 80 percent gold, 20

percent tin solder (280 0C). After this repair, a few small leaks

(between 2 x 10- 9 and 2 x 10-10 std cc/s) were found. These were

eliminated by sealing with epoxy on the outside of the header.

The possibility of the epoxy contributing to the outgassing

inside the TMXO is almost nonexistent. The surface area of the

epoxy exposed through such a small leak is infinitesimal. How-

ever, permeation through the epoxy could be a problem.

6.5 Procedure followed in the deliverable models, phase 1.

The various solder temperatures used in the fabrication of the

TMXO, followed the solder flow chart shown in Figure 21.

The outgassing schedules for the various parts and assemblies

were as follows.

(a) TMXO cover: Outgassed at 1 x 10- 5 torr at 480°C for 96

hours. Electropolish. Outgass at 1 x 10- torr at

400 0C for 96 hours.

(b) TMXO header: Before feedthroughs, outgassed at 1 x 10-5

torr at 480 C for 96 hours. Electropolish. Braze in

feedthroughs. Outgas at 1 x 10- 5 torr at 4000C for 96

hours. Repair leaks with 80 percent gold, 20 percent I
tin solder. Complete repair with epoxy. Outgas 100

hours at 1 x 10 - torr and 180 C.

(c) Vespel pedestal: Bake in air at 350 C for 48 hours.

Outgas at 1 x 10- 5 torr for 96 hours at 400 0 C.
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I
(d) Microcircuit package (without the microcircuit): Outgas

at 1 x 10-  torr for 96 hours at 1800 C.

(e) Crystal enclosure ring and covers: Outgas at 1 x 0-5

torr for 96 hours at 480°C.

(f) TMXO assembly just prior to sealing: Vacuum outgas at

1 x 10- 5 torr at 1500C for 90 hours.

6.6 Procedure followed in the deliverable models, phase 2.
The microcircuit's physical design for the phase 2 models was

greatly different from the design of the phase 1 models (see

paragraph 5.2 of this report). The inability to seal the micro-

circuit enclosure made any outgassing procedure futile. Special

outgassing procedures were therefore not initiated, and the

TMXOs were sealed with a tubulation so that the units could be

dynamically pumped during evaluation.

7. PERFORMANCE OF DELIVERED MODELS, PHASE 1

7.1 General description of the models. The Tactical Minia-

ture Crystal Oscillator (TMXO) models have been fabricated in

accordance with the electrical schematic shown in Figure 1. The

mechanical configuration can be seen in Figure 15. The elec-

trical terminals are also indicated in this figure.

7.2 Test equipment.

7.2.1 Test setups. In the evaluation of the TMXO's, three

test equipment setups have been used. These are identified as
test setup numbers 1, 2, and 3 and are shown in Figures 33, 34,

and 35. The particular test setup used to measure a particular
performance parameter is specified under that particular

performance parameter.

7.2.2 Test equipment calibration. Only calibrated test

equipment has been used. Test equipment is calibrated and

maintained in accordance with MIL-C-45662.
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Figure 35. Test setup number 3.

7.3 Performance. Five engineering models were delivered.

They were tested in accordance with the test setups shown in

Figures 33, 34, and 35.

7.3.1 Setting the optimum crystal temperature. When testing

the unsealed TMXO both in air and in vacuum, the temperature was

set to a nominal 90 0 C by a fixed resistor connected remotely from

the TMXO across terminals 8 and 7. After sealing, while still in

the vacuum chamber, the TMXO was briefly tested in the same

manner. After removal from the vacuum chamber, the optimum

crystal temperature was set.

Experience has shown that it takes less time to set this

critical temperature if a resistance decade box is first used,

and then replacing it with the potentiometer. Using the potenti-

ometer only is very difficult because the value of the potenti-

ometer at any setting is not known. It is difficult to keep

track of the number of turns, and its linearity is unknown. The
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resistance decade box is connected across terminals 8 and 7, and

set at 25 kQ. In a tempeature chamber at 250C, the TMXO is

turned on, and after a few minutes, the resistance is changed

until the frequency is near its minimum value. Lower the temper-

ature to -400 C, and set tite resistance box so that the frequency

is 2 x 10-8 higher than it was at room temperature. Return to

room temperature and note the frequency. The -40 0 C to +25'C
-8

frequency change will probably be greater than 2 x 10 of the

last -40 0C reading. Repeat the -40 C to +25°C cycle. Change the

temperature to +70°C and note the frequency. It should be greater

than the room temperature value and be approximately equal to the
-400C value. If not, a resistance change at +700C and at 250C

should be made. Set a potentiometer to the decaded resistance

value and insert it in the base of the TMXO. Repeat the thermal

cycliiig, going from +250 C, -540 C, +750C, +25°C, setting the tem-

perature to optimize the frequency/temperature curve. Only a +

half turn of the potentiometer should be required.

7.3.2 Operating power. The operating power depends upon the

amount of vacuum in the TMXO. The power was calculated from the

input current measureme-At using setup number 1. The input cur-

rent is not a constant dc value, but is a current pulse whose

amplitude, width, and period is a function of the ambient temper-

ature. The setup shows the current being measured by a Weston

milliampere meter and a Tektronix current probe. At times, a

Triplett (dc milliamperes) was used in place of the Weston meter.

Both of these meters give the correct result of the average

current. There is an oscillation in the indicating needle due to

the pulsing characteristic of the input current, but the average

reading is the average current.

The validity of the dc meter reading was proved by the

current measurement using the current probe. The average current

was calculated from the pulse measurement using the following

equation:

Pulse Amplitude (at 90%) x Pulse Width (at 50%)
avg Period

100



The operating powers for the models at various temperatures

are:

TMXO No. 1

+250 C, 0.28 W -54°C, 0.50 W

-40 C, 0.40 W +75°C, 0.084 W

TMXO No. 2

+25°C, 0.56 W +740 C, 0.17 W
-540C, 1.20 W

TMXO No. 3

+250C, 0.44 W -540 C, 0.90 W

-40 OC, 0.75 W +670C, 0.20 W

TMXO No. 4 TMXO No. 5

250 C, 0.30 W 250C, 1.0 W

TMXO Nos. 4 and 5 had no RF output, and only limited

measurements were made on these units.

7.3.3 Peak power. This is the input power at turnon. It is

limited by current limiting resistors in the TMXO. The duration

of this peak power is a function of the ambient temperature,
0 0varying from a few seconds at +75 C to about 80 seconds at -54 C.

The peak power is measured using test setup no. 1 and is:

TMXO No. 1 8.4 W TMXO No. 4 9.0 W

TMXO No. 2 7.8 W TMXO No. 5 9.0 W

TMXO No. 3 9.0 W

7.3.4 Voltage control. A voltage source of 0 to 10 V dc, in

conjunction with two resistors (85 k.1 and 15 k2), will result in

a fine frequency adjustment. The test setup for this measurement

is shown in Figure 35. The frequency range in response to this

voltage control for the various models is as follows:
-7

Model No. 1 3.2 x 10 Model No. 4 No RF output
-7Model No. 2 3.2 x 10 Model No. 5 No RE output

Model No. 3 2.9 x 10 - 7
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The control voltage/frequency curve can be seen in Figure 36.

7.3.5 Fine frequency adjustment. The fine frequency adjust-

ment is accomplished with a 10-turn 100 kQ potentiometer. The

center of the tuning range occurs at about 22 kQ. The tuning

range for the models was:
Model No. 1 4.4 x 10- 7  Model No. 4 No RF output
Model No. 2 4.4 x 10 Model No. 5 No RF output

-7
Model No. 3 4.0 x 10- -10

The frequency could be set to better than +3 x 10 , which

was the resolution of the test setup. This setup is shown in

Figure 32.

7.3.6 Frequency/temperature stability (steady state). The

steady state frequency/temperature characteristics, over an

ambient temperature range of -550 C to +750 C, is plotted in

Figures 37 through 39 for models 1, 2, and 3. No data are

available for models 4 and 5, as they had no RF output. Model

no. 1 had a good vacuum, and its frequency change over the tem-

perature range was only +4 x 10- 9 . Models 2 and 3 had poor

vacuums, and their frequency change was +7 x 10- 8 and +1.05 x

-710 , respectively. The test setup to make these measurements

is shown in Figure 33.

7.3.7 Frequency/temperature stability (transient). The

frequency should not be sensitive to transient temperatures. The

maximum allowable frequency change is +1 x 10- 8 when subjected to

a positive 10 C amplitude at a rate of 1 C/min, starting from

-40°C, -5C, +300 C, and +650 C. This parameter was measured for

model 1 with the following results:

Starting Temperature

Temperature Ramp Rate Maximum AF/F

-400C 6.70C/min -2.8 x 10- 9

-50 C 6.70C/min -3.8 x 10- 9

+300C 70C/min -5.2 x 10- 9

+65°C 4.40C/min -5.2 x 10- 9
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Figure 37. Frequency versus ambient temperature for TMXO number 1
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The test setup is shown in Figure 33.

7.3.8 Frequency/load stability. The change in frequency

with a change in load was measured using the test setup shown in

Figure 34. The measured values are given in the following table:

TMXO NO. LOAD LF/F

1 56Q + 2004 -2.1 x 10 - 9

1 56Q - 200% +2.8 x 10- 9

1 44Q + 20'4 -1.2 x 10-

1 44Q - 20°0 +2.0 x 10 -10

3 561 + 20'$ -1.4 x 10- 9

3 56 Q - 200 +4.2 x 10 - 9

3 44,1 + 20° -1.4 x 10 - 9

3 44Q - 20 04 +3.6 x 10- 9

7.3.9 Frequency/power supply voltage stability. The change

in frequency due to a change of +5 percent in the power supply

voltage was measured with the test setup shown in Figure 34. The

measured data are tabulated below:

Power Supply

TMXO No. Voltage Change AF/F

1 +5% -3 x 109

1 -5% +2 x 10 - 9

3 +5% +3 x 1010

3 -5% -8 x 10-10

7.3.10 Short term stability. The short term stability was

measured using the test setup shown in Figure 34. Peak frequency

deviation readings were taken on the computing counter having an
-10

error of +3 x 10 . The averaging time was 1 second, and

readings were taken over a time period of 20 minutes. Results

were as follows:
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Model No. 1: Better than +3 x 10 peak-to-peak,

corresponding to an rms value of approximately

better than +3 x 10
-11

Model No. 2: +2 x i0- 8 peak-to-peak corresponding to an rms

value of approximately +2 X 10
- 9

Model No. 3: +1.2 x 10- 9 peak-to-peak, corresponding to an

rms value of approximately +1.2 x 10
-10

The high noise in models 2 and 3 was due to noise on the

input pulse to the TMXO.

7.3.11 Frequency/attitude stability. Frequency/attitude

stability is a measurement of the change in frequency when the

orientation of the TMXO is changed relative to the ground. This

measures the effect of the gravitational force on the TMXO fre-

quency. Measurements were made on model no. 1. For a 90-degree

change in attitude, the frequency deviation was less than +3 x

1010. For an attitude change of 180 degrees (A2G) , the

frequency deviation was 8 x 10- I0 or 4 x 10- 10/G.

7.3.12 Stabilization time. From turnon, the time needed for

the frequency to be within 1 x 108 of the final frequency was

measured using the setup as shown in Figure 33. The warmup

curves from various ambient temperatures are plotted in Figures

40, 41, and 42.

7.3.13 Frequency recovery at -40 °C. The ability of the TMXO

to return to the same frequency after being in the off condition

is an important stability parameter. The TMXO was maintained at

an ambient temperature of -400 C. It was then subjected to five

on-off cycles, each off cycle being at least 30 minutes. The

maximum frequency deviation was +5 x 10- 8. As in previous

measurements on earlier TMXOs, this change in frequency seems to

be crystal dependent. There also seems to be two superimposed

effects. 'One is a slow continuous hysteresis phenomenon while

the other is a step change.
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7.3.14 Output voltage. The minimum output voltage require-

ment of 0.125 volt rms Lnto 50 ohms was easily satisfied. The

values for cne TMXO models ranged from 0.148 volt to 0.28 volt.

8. PERFORMANCE OF DELIVERED MODELS, PHASE 2

8.1 General physical description. The TMXOs are cylindrical

in shape, having a diameter of 1-1/4 inches and a height of 1-1/4

inches (excluding the tubulation of the top). At the bottom i. a

1-1/4 inch square mounting flange. Figure 32 shows a bottom vie.,

identifying and numbering the connecting pins coming out tne

bottom.

The temperature adjusting potentiometer has been set for the

vacuum environment, optimized for the ambient temperature range

of -40°C to +70°C. The adjustment screw of this potentiometer

was not cemented in place so that the temperature setting of the

crystal could be changed. Proper adjustment of this screw,

either for the vacuum or air environment, takes about 8 hours of

elapsed time.

The three models are identified by numbers scratched into the

bottom of the TMXO. The model numbers are 161-2, 162, and 195.

All contain fundamental AT-cut quartz resonators in ceramic

enclosures, manufactured by GEND. Model 161-2 contains GEND

crystal number 161. Model 162 contains GEND crystal number 162.

Model 195 contains GEND crystal number 195.

All measurements were conducted under a dynamic vacuum, ex-

cept the measurement of frequency stability while being vibrated.

8.2 Operating power.

8.2.1 Requirements. After warmup, the maximum power input

to the TMXO shall not exceed 250 milliwatts at any temperature

between -400C and +70°C.

8.2.2 Test setup. See Figures 43, 44, and 45.
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8.2.3 Performance.

Ambient Temperature JTP
Model No.. +70°C +250C -400C °C
161-2 155 mW 280 mW 456 mW 90.6

162 144 mW 240 mW 384 mW 87.3

195 155 mW 282 mW 445 mW 88

8.3 Output voltage.

8.3.1 Requirement. A minimum of 0.125 volt rms at the 5.115

MHz output frequency shall be available across an external

resistive load of 50 ohms.

8.3.2 Test setup. See Figure 45.

8.3.3 Performance.

Model Number Output Voltage 25 C

161-2 0.209 V rms

162 0.167 V rms

195 0.240 V rms

8.4 Frequency recovery at -400 C.

8.4.1 Requirements. The output frequency of the TMXO after

warmup during each turnon period for a five-cycle frequency

recovery test shall remain within +3 x 10 of the frequency

measured on the first cycle. Each cycle shall consist of com-

plete frequency stabilization during turnon, followed by complete

thermal stabilization after power is removed.

8.4.2 Test setup. See Figure 44.

8.4.3 Performance.
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MODEL 161-2

When Measured Frequency (Hz)

At start 5115304.115

After first turn-off cycle 5115304.112

After second turn-off cycle 5115304.112

After third turn-off cycle 5115304.113

After fourth turn-off cycle 5115304.112

After fifth turn-off cycle 5115304.114

The maximum change from the starting frequency was

AF/F = -5.9 x 1010 + 0.

MODEL 162

When Measured Frequency (Hz)_

At start 5115190.081

After first turn-off cycle 5115190.084

After second turn-off cycle 5115190.066

After third turn-off cycle 5115190.061

After fourth turn-off cycle 5115190.085

After fifth turn-off cycle 5115190.084

The maximum change from the starting frequency was
F-F 1+8 x 1 0 -91 .FF+ 0 , -4 x10 .

MODEL 195

When Measured Frequency (hz)

At start 5115045.20G

After first turn-off cycle 5115045-201

After second turn-off cycle 5115045.203

After third turn-off cycle 5115045.209

After fourth turn-off cycle 5115045.208

After fifth turn-off cycle 5115045.204

The maximum change from tne starting frequency was
FF +0 10

F/F +5.0 x 10 -9.8 x 10
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8.5 Frequency versus power supply voltage.

8.5.1 Requirement. The maximum permissible frequency

deviation for a supply voltage variation of 12 V dc +5 percent

shall be +1 x 10 - 9 .

8.5.2 Test setup. See Figure 43, 44, or 45.

8.5.3 Performance.

Model No. +5% V -5% V

161-2 AF/F = +1.96 x 1010 AF/F = +1.96 x 1010

162 AF/F = + x 10 - 9  AF/F = +8 x 10 - I 0

195 AF/F = -3.9 x 10-10 AF/F = -1.96 x 10
-10 .

* Measurement error is + 1.96 x 10 - I 0

8.6 Frequency versus load.

8.6.1 Requirement. The maximum frequency deviation for a

load variation of 50 ohms +10 percent, +20 degrees phase, shall

be +1 x 10 - 9 .

8.6.2 Test setup. See Figure 43, 44, or 45, with additional

loads of:
56 ohms - 20 degrees

56 ohms + 20 degrees

44 ohms - 20 degrees

44 ohms + 20 degrees

8.6.3 Performance.

MODEL 161-2

Load Frequency (Hz) LF/F

50 ohms 5115303.813 --

56 ohms + 20 degrees 5115303.789 -4.7 x 109

56 ohms - 20 degrees 5115303.800 -2.5 x 10- 9
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44 ohms 20 degrees 5115303.829 +3.1 x 10 9

44 ohms + 20 degrees 5115303.830 +3.2 x 10-9

50 ohms 5115303.813 --

MODEL 162

Load Frequency (Hz) AF/F

50 ohms 5115190.040 --

56 ohms - 20 degrees 5115190.006 -6.8 x 10 - 9

56 ohms + 20 degrees 5115190.035 -1.0 x 10-9

44 ohms - 20 degrees 5115190.070 +6 x i0-9

44 ohms + 20 degrees 5115190.085 +9 x i0-9

MODEL 195

Load Frequency (Hz) LF/F

50 ohms 5115044.969 --

56 ohms - 20 degrees 5115045.021 +1.0 x 10- 8

56 ohms + 20 degrees 5115044.960 -1.8 x 10- 9

44 ohms - 20 degrees 5115045.029 +1.2 x 10-

44 ohms + 20 degrees 5115044.939 -5.9 x 10-9

8.7 Short/medium term stability.

8.7.1 Requirement. The maximum rms frequency deviation

shall be +1 x i011 for averaging times ranging from I second to

20 minutes, under conditions of input voltage and ambient temper-

ature controlled to +1 millivolt and +0.1 0 C, respectively.

8.7.2 Test setup. See Figure 44. Sampling time per

measurement was 1 second. Allan Variance measured for 100 pairs.

Readings taken for 20 minutes (10 sets). The average of these 10

sets, AVavgI was then calculated.

8.7.3 Performance.
AV d/

Model avg

161-2 1.44 x 10-10

162 5.5 x 10 -10

195 2.59 x 10-10
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8.8 Frequency versus attitude.

8.8.1 Requirement. The maximum frequency change of the TMXO

for a 900 +50 attitude change in any axis shall be less than

+5 x 10- 10 .

8.8.2 Test setup. See Figure 43, 44, or 45.

8.8.3 Performance.
MODEL 161-2

Position Frequency (Hz) &F/F

Horizontal 5115302.685 --

Vertical 5115302.717 +6.26 x 109

Horizontal 5115302.685 -6.26 x 10 - 9

8.9 Frequency versus temperature.

8.9.1 Requirement. The maximum permissible frequency

deviation over the temperature range of -54°C to +75°C shall be

+1 x 10- 8.

8.9.2 Test setup. See Figure 43, 44, or 45.

8.9.3 Performance.

Model Ambient

No. Temperature Frequency (Hz) Comment

161-2 +250C 5115303.830 See Figure 46

161-2 -40°C 5115303.991 See Figure 46

161-2 +70°C 5115303.990 See Figure 46

The maximum frequency deviation, from -400C to +70°C, was

+1.5 x 10

162 +25 0C 5115189.950 See Figure 47

162 -40°C 5115190.157 See Figure 47

162 +70°C 5115190.185 See Figure 47
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The maximum frequency deviation, from -40°C to +70 °C, was

+2.4 x 10 .

195 +250C 5115044.939

195 -400 C 5115045.194

195 +700 C 5115045.190

The maximum frequency deviation, from -40 C to +70 C, was

+2.5 x 10 .

8.10 Warmup/stabilization time.

8.10.1 Requirement.

(a) Peak warmup power not to exceeed 10 watts at any

operating ambient temperature.

(b) Following the application of power, the frequency of

the TMXO shall be within +1 x 10-8 of the final

frequency in 3 minutes.

8.10.2 Test setup. See Figure 44.

8.10.3 Performance.

Model Ambient Peak Time to Be

No. Temperature Power Within +1 x 10- 8 of F

161-2* +250C 9.2 W 7 minutes

161-2 +25°C 8.2 W 11 minutes

161-2 +700 C 4.8 W 10 minutes

161-2 -40 C 8.3 W 11 minutes

*Not evacuated.

More detailed information concerning the warmup character-

istics of model 161-2 is shown in Figures 48 through 54.
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Model Ambient Peak Time to Be

No. Temperature Power Within +1 x 10- 8 of F°

162 +25 0C -- 11 minutes

162 +70'C -- 8.5 minutes

162 -400C 11.3 W 10 minutes

For more details concerning the warmup characteristics of

model 162, see Figure 55.

Model Ambient Peak Time to Be

No. Temperature Power Within +1 x 10-8 of F°

195 +250C 7.9 W 11 minutes

195 +70'C 2.0 W 9.5 minutes

195 -400C 8.5 W 11 minutes

More detailed information concerning the warmup character-

istics of model 195 is shown in Figures 56 through 60.

9. CONCLUSIONS

This TMXO program is directed at exploratory development of a

high performance frequency source. The TMXO requirements allow

a frequency variation of +2 x 10- 8 for all specified conditions

simultaneously, as well as being compatible with other require-

ments. The other requirements have to do with size, power, and

warmup characteristics.

The frequency deviation budget is as follows:

Allowed

Frequency

Parameter Deviation

(a) Ambient Temperature, -54 0 C to +750 C +1 x 10- 8

(b) Change in Power Supply Voltage +1 x 10- 9

(c) Change in Load +1 x 10- 9

(d) Acceleration, 1 g 5 x 10 -10

(e) Vibration +1 x 10- 9
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(f) Mechanical Shock +1 x lo- 9

(g) Attitude +5 x 10

(h) Altitude 1 x lo- 9

(i) Frequency Recovery +3 x 10- 9

(j) Aging 2 x 10 1 0 /wk

The above parameters can be divided into groups:

Allowed

Frequency

Group Parameter Deviation

Ambient Temperature -54
0C to +750C +1 x 10-8

Electrical Environment (b and c) +2 x 10- 9

Mechanical Environment (d,e,f,g, and h) +4 x 10- 9

Frequency Recovery +3 x 10- 9

-10
Aging 2 x 10 /wK

Model number 1 of phase 1 had the best vacuum and the best

TMXO characteristics. Assuming a TMXO with a good vacuum, the

following performance deficiencies (relative to the above group

parameters) still existed at the end of phase 1. Frequency

deviation due to the electrical environment is +6 x 10 . Fre-

quency recovery deviation is +5 x 10- 8. Frequency changes due to

aging were 2 orders of magnituae greater than required. The

frequency/temperature requirement was easily met.

Several problems remained, some were major, while others can

be considered minor. The major problems were vacuum, frequency

recovery, quality of the crystal, and more reliable construction.

Model number 1 had a sufficient vacuum, permitting excellent

frequency/temperature characteristics both under steady state and

transient conditions. However, the vacuum was not as good as

expected, resulting in an operating power at -540 C of 0.5 watt

instead of the expected value of 0.3 watt. Although the 0.5 watt

may be suitable for most TMXO applications, the other models were

not that good. The primary cause of the poor vacuum was leaKs

through the seals in the outer case. better construction tech-

niques were needed in fabricating the outer case. Secondary
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causes of the poor vacuum may be some leakage from the crystal

and/or microcircuit enclosures.

The phase 1 TMXO models were constructed using the "chip and

wire" technology and with crystals assembled in our laboratory.

Several failures were experienced due to these nonproduction-like

techniques. The new crystal enclosure should eliminate any crys-

tal failures. Employing the thick film hybrid tecnnology for tne

microcircuit would greatly increase the reliability of the TMXO.

Several minor problems exist, one old, and some new. Tne old

problem was the change in frequency with load and voltage. The

frequency variation was +3 x 10- 9 for either load or supply volt-

age. The circuit needed to be modified to give better isolation.

During phase 2, some circuit changes were made to eliminate

the noise on the input power line and to increase the isolation.

The noise on the input was eliminated and stability to power

supply changes was improved. No improvement was made with regard

to stability with change in load. With the new developmental

ceramic enclosed crystal, a major improvement was achieved with

regard to frequency recovery, the value now being within tne

design goal. The TMXO with the new crystal exhibited a degraded

frequency/temperature performmance. This is because of a

"Frequency/Applied Power Anomaly." The following paragraphs

describe this anomaly.

The upper turn point (UTP) of an AT-cut crystal is defined as

the temperature above 0°C at which the temperature coefficient of

frequency passes through zero. Also at this temperature the

frequency is a minimum. A more descriptive name for this

position would perhaps be the upper turn temperature (UTT).

The frequency/applied power anomaly is exhibited as a change

in frequency at the UTT when the power to the TMXO is changed.

This can happen in two ways:

(a) By changing the ambient temperature.

(b) By changing the heat transfer inside the TMXO, e.g.,

from vacuum to air.

The values for the frequency/power factor for these two condi-

tions are not equal, probably because the heat transfer is

different for equal applied powers.
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Some measurements of :is effect were measured on two of the

models, and the frequency/power factor calculated

F/P = r4in. Freq. at Ti
0 - Min. Freq. at T2

0

Power at Ti
0  - Power at T2

0

MODEL 161-2

Ambient Frequency

Temperature at UTT (Hz) Power Frequency Not At UTT

+70'C -- .16 W 511530.3.990*

+250C 5115303.747 .28 W 51153U3.830*

-400C -- .46 W 5225303.991*

+250C (air) 5115304.080 .96 W --

+70°C (air) -- .44 W 5115305.540**

+700C (air) 5115303.687 .32 W --

MODEL 195

Ambient Frequency

Temperature at UTT (Hz) Power Frequency Not At UTT
+700C 5115045.190*

+25°C 5115044 939*

-40°C 5115045.194*

+250C (air) 5115044.530 1.07 W --

+70 0 C -- 5115049.378**

+70 0C 5115044.675 .36 W --

* Temperature set for optimum frequency versus ambient

temperature characteristic.
** Frequency when the temperature was set to give the minimum

frequency at 250C ambient.

For model 161-2:

F/P (250 air to 700 air) = (4.080 - 3.687) iiz

.96 W - .32 W

138

.. ...I.I.....A...................... ....



F/P = + .61 Hz/W

F/P (250 air to 250 vacuum) (4.080 - 3.747) Hz

.96 W -. 28 W

F/P =4.34 Hz/W

For model 195:

F/P (250 air to 70 air) = (4.530 - 4.675) Hz = -. 145 Hz

1.07W - .36W .71W

F/P = - .20 Hz/W.

This variability of frequency with power is probably due to

thermal stress resulting from unsymmetrical heat flow from the

heater through the crystal enclosure into the resonator.

Additional crystal/crystal thermal interface development can

solve this problem. The vacuum problem has been solved by using

improved processing techniques and a new getter, as demonstrated

by the more recent TMXO program under contract DAA607-78-C-2990.

The phase 2 microcircuit enclosure is inadequate in that it is

not easily hermetically sealed. A new concept in the design of

this enclosure is required. The remaining problems are currently

being addressed under the referenced contract and are discussed

in reports DELET-TR-78-2990-1, December 1979 and

DELET-TR-78-2990-2, August 1980.
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